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Abstract Phosphoenolpyruvate carboxylase (PEPC) is a
key enzyme in the C, photosynthetic pathway for the initial
fixation of atmospheric CO, into the four-carbon (C,) acid,
oxaloacetate. Here, we report that a vector carrying the
intact maize C, pepc gene was used to transform C; mono-
cot japonica rice cultivar Tainung 67 (TNG67) which is an
important cultivar in Taiwan, and C; dicot Cleome spinosa
which is closely related to the C, dicot Cleome gynandra,
via an Agrobacterium-mediated method. In total, 29 trans-
genic rice and 4 transgenic C. spinosa plants were obtained.
Genomic PCR and southern blot analyses revealed that the
maize pepc and selective antibiotic resistant genes were
present in almost all randomly-selected transgenic plants
but not in wild-type plants. Reverse transcription-PCR
showed that maize pepc mRNA was detected in transgenic
plants. Western blot analysis confirmed the presence of
110 kDa maize PEPC protein in transgenic plants but not in
wild-type plants. Furthermore, higher PEPC enzyme activi-
ties were detected in transgenic rice plants than in trans-
genic C. spinosa plants. Taken together, we clearly demon-
strated monocot maize C, pepc gene is functional in both
C; monocot rice and C; dicot C. spinosa plants. Two Ts
homozygous rice lines, each harboring a single insertion of
maize pepc gene, showed 7- to 9.4-fold and 40-54% PEPC
enzyme activity as compared to the untransformed rice and
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maize, respectively. These stable transgenic rice lines will
be valuable material for studying the effect of maize PEPC
on rice photosynthesis under different conditions.
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Introduction

Most important crops including rice, wheat, soybean
and potato are C; plants that assimilate atmospheric CO,
directly through the C; photosynthetic pathway, in which
a C; acid phosphoglycerate is formed via ribulose 1,5-bis-
phosphate carboxylase (Rubisco) in mesophyll cells. In
contrast, a few other important crops such as maize, sug-
arcane and sorghum use the C, photosynthetic pathway, in
which atmospheric CO, is first converted to HCO;™ by car-
bonic anhydrase (CA) and then fixed into the four-carbon
(C,) acid, oxaloacetate (OAA), by phosphoenolpyruvate
carboxylase (PEPC) in mesophyll cells. OAA is converted
to malate or aspartate, and then transported into the neigh-
boring bundle sheath cells where the conventional C; cycle
is used (Edwards 1999; Kajala et al. 2011; Williams et al.
2012). In general, C, plants are considered more efficient
in fixing carbon dioxide with high water and nitrogen use
efficiencies, leading to rapid growth rates, higher dry mat-
ter production and larger economic yields than C; plants.
PEPC is a key enzyme in the C, photosynthetic path-
way, catalyzing the initial fixation of atmospheric CO,;
therefore, the expression of C,-type pepc gene in Cj rice
plants is thought to be a primary event in the establish-
ment of C, photosynthetic activity in rice to improve the
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photosynthetic efficiency. Previously, the transforma-
tion vector PEPCgenome/pBIH2 carrying the Xbal frag-
ment (8.8 kb) of maize pepc gene (including all exons and
introns, promoter and terminator sequences) and two selec-
tive antibiotic resistant genes neomycin phosphotransferase
II (nptll) and hygromycin phosphotransferase II (hptll) was
used to transform two japonica rice cultivars (Kitaake and
Nipponbare) via an Agrobacterium-mediated method. Most
of the transgenic rice plants generated showed high-level
expression of the maize pepc gene and exhibited reduced
sensitivity of photosynthesis to O, inhibition (Ku et al.
1999). Later, the same construct was used to transform
indica rice IR68899B using a bombardment method, and
the transformants showed enhancement in photosynthesis
rate under high temperature (Bandyopadhyay et al. 2007).
Now, it is generally agreed that overexpression of a single
maize pepc gene encoding PEPC protein or even quadru-
ple transformants overexpressing all four key enzymes
in the C, photosynthetic pathway [i.e., PEPC, pyruvate,
orthophosphate dikinase (PPDK), NADP-malate dehydro-
genase (NADP-MDH), NADP-malic enzyme (NADP-ME)]
into rice plants do not show dramatic improvements in pho-
tosynthesis under normal conditions (Taniguchi et al. 2008;
Kajala et al. 2011; Miyao et al. 2011). However, a recent
study with transgenic wheat plants that overexpressed
maize ppdk cDNA, maize pepc cDNA and both showed
enhanced maximum daily photosynthetic rates of 4.5, 13.3
and 26.4%, respectively, and enhanced daily accumulated
photosynthesis of 6.9, 13.9 and 21.3%, respectively, as
compared with the wild-type plants (Zhang et al. 2014).
Also, the Fv/Fm of these transgenic wheat lines decreased
less than that of the control under high temperature and
high light conditions, suggesting that the transgenic wheat
plants transport more absorbed light energy to photochemi-
cal reactions. The enzyme activities of PPDK and PEPC
in these wheat lines were only about twofold and fourfold,
respectively, higher than those of the control plants. These
expression levels are much lower than those achieved in
the transgenic rice plants (Ku et al. 1999; Taniguchi et al.
2008). Whether the differences in expression levels of these
maize genes in the C; rice and wheat affect their photosyn-
thetic performance and other physiological traits under dif-
ferent conditions remain to be investigated.

In this study, an Agrobacterium-mediated method estab-
lished in our laboratory was adopted to transform the PEP-
Cgenome/pBIH?2 vector into the japonica rice cultivar Tai-
nung 67 (TNG67), an important rice cultivar in Taiwan,
and a C; dicot plant Cleome spinosa (Tsai et al. 2012). The
genus Cleome is closely related to Arabidopsis; but more
interestingly, contains C; and C, species. For example,
C. spinosa was identified as having C;-type photosynthe-
sis, whereas C. gynandra was identified as having C,-type
photosynthesis (Voznesenskaya et al. 2007). In addition, C.
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spinosa, also known as “spider flower”, is widely used as
floricultural plant. Thus, it is a valuable system to choose
the C; plant C. spinosa, which is close to the C, plant C.
gynandra. The genus Cleome was proposed as a model for
understanding the differences between C; and C, photo-
synthesis over 10 years ago (Brown et al. 2005), and has
been used by a number of groups since then. High levels
of maize PEPC protein and enzyme activity were detected
in the transformants. Obtaining stable transgenic rice plants
with varying expression levels will be useful for further
studies, such as analysis of photosynthetic performance
under stress conditions.

Materials and methods
Plant material and culture conditions

Seeds of rice (Oryza sativa L. ssp. japonica cultivar
TNG67) were used in this study. Dehulled seeds were steri-
lized by sequential treatment with 70% ethanol for 0.5 min
and 1% sodium hypochoride for 10 min, then washed thor-
oughly with sterile water, and inoculated on NB medium
(Sallaud et al. 2003) in the dark for 3 weeks in a 25°C
growth chamber. Calli (embryogenic units) were excised
and transferred onto fresh NB medium in a dark growth
chamber (25 °C) for 2 weeks before transformation.

Seeds of C. spinosa cultivar Queen were purchased from
Know-You Seed Company, Taiwan, and were grown in
a greenhouse until maturity. Freshly collected seeds from
white flowering plants were sterilized, and germinated on
germination medium as previously described (Tsai et al.
2012). In vitro cotyledons were used in transformation
experiments.

Agrobacterium-mediated transformation

The transformation vector PEPCgenome/pBIH2 (Fig. 1),
which contains the 8.8 kb genomic DNA fragment of maize
phosphoenolpyruvate carboxylase (PEPC) including its
promoter and terminator sequences, and nptll (for kana-
mycin resistance) and Aptll (for hygromycin resistance)
two selection marker genes, was transformed into the Agro-
bacterium tumefaciens strain EHA105 by electroporation
(Wang et al. 2015). A single colony from a YEP plate (1%
peptone; 1% yeast extract; 0.5% NaCl; 1.5% Bacto-agar)
was picked up and inoculated overnight in 5 ml YEP lig-
uid medium supplemented with 50 pg ml~' kanamycin at
28°C with shaking at 200 rpm. Bacterial culture (50 pl)
was transferred into 50 ml YEP/kanamycin liquid medium
supplemented with 100 uM acetosyringone, further incu-
bated overnight at 28 °C with shaking, and the ODyy, of
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Fig.1 Schematic diagram of the T-DNA region of the transforma-
tion vector PEPCgenome/pBIH2. Intact maize pepc gene (8.8 kb)
including promoter region (from —1212), 10 exons and 9 introns, and
terminator region (about 2.5 kb) was inserted between two selective

Agrobacterium was adjusted to a value of 1.0 by using CCL
medium (Sallaud et al. 2003).

Detail protocols for rice transformation were as previ-
ously described (Sallaud et al. 2003) with modifications.
In brief, 50-100 embryogenic calli were co-incubated with
25 ml Agrobacterium for 15 min. The calli were blotted
dry on sterilized filter paper, and then 10 calli were trans-
ferred on a plate containing co-culture medium (CCS) for
3 days at 25°C in the dark. After washing, 5-7 calli were
transferred onto a plate containing R2S medium (sup-
plemented with 50 mg 17! hygromycin for selection and
400 mg 17! cefotaxime to eliminate Agrobacterium) for
14 days in the dark. The brownish calli were transferred
onto NBS medium (supplemented with hygromycin and
cefotaxime) for 7 days, those that developed brownish
globular structures from the surface of callus were picked
up by forceps, and inoculated on the same NBS medium
for 2 weeks. The round shaped and yellowish calli were
transferred into PRAG pre-regeneration medium contain-
ing 50 mg 17! hygromycin and 400 mg 17! cefotaxime, and
incubated at 25 °C growth chamber in the dark for 7 days.
The creamy-white calli with a smooth and dry appearance
were transferred onto RN regeneration medium containing
cefotaxime and hygromycin, incubated at 25 °C in a growth
chamber in the dark for 2 days, and then shifted to a 16-h
light/8-h dark photoperiod incubator (25°C) for 3 weeks.
Shoots from resistant calli were excised and transferred
onto P medium (without antibiotics) for root development
in a 16-h light/8-h dark photoperiod incubator (25 °C) for 3
weeks. Plantlets were transferred to soil pots and grown in
a greenhouse.

Protocols and media for C. spinosa regarding co-cul-
ture, Agrobacterium infection, kanamycin selection and
plant regeneration were as previously described (Tsai et al.
2012).

Transgenic plant verification by genomic PCR analysis

Transgenic plant verification was performed with putative
transformants and wild-type plants by PCR analysis. Total

Terminator

antibiotic resistant genes neomycin phosphotransferase II (NPTII) and
hygromycin phosphotransferase II (HPTII). The location of Intron 4
is indicated, which was used for examination of intron-splicing in RT-
PCR analysis and Southern blot probe preparation

genomic DNA was extracted from green leaves using the
CTAB method (Wilkie 1997). PCR was carried out with
the following primer sets: F-1201 (5'-TCT AGA GAT GTA
ATG GTG TTA GGA CAC-3’) and R153 (5-TCG GAG
ACC TTG CCT GGG AC-3') for amplification of 1385-bp-
long DNA fragment corresponding to the promoter region
and partial coding sequences of maize pepc in the trans-
forming vector PEPCgenome/pBIH2; HPTII_F (5'-ATG
AAA AAG CCT GAA CTC ACC-3') and HPTII_R (5'-
CCT TTG CCC TCG GAC GAG TG-3') for amplification
of the 1021-bp-long DNA fragment corresponding to the
selection marker hygromycin resistant gene (hptll); and
Kan-F (5'-ATG ATT GAA CAA GAT GGA-3') and Kan-R
(5'-TCA GAA GAA CTC GTC AAG-3') for amplification
of the 795-bp-long DNA fragment corresponding to the
full-length kanamycin resistant gene (nptll). PCR reac-
tions were performed in a volume of 20 pl under the fol-
lowing conditions: (a) denaturation for 5 min at 94 °C; (b)
30 cycles of 0.5 min at 94°C, 0.5 min at 55°C, and 1 min
at 72°C; and (c) extension for 15 min at 72 °C. Following
amplification, 10 ul PCR products were analyzed on a 1%
agarose gel.

Transgene expression analysis by reverse
transcription-PCR (RT-PCR)

Total RNA from green leaves of wild-type and trans-
genic plants was isolated by TRIzol reagent as previ-
ously described (Wang et al. 2009), treated with DNase
I and 400 ng of total RNA was used to conduct RT-PCR
analysis by using one-step RT-PCR kit (Qiagen). Prim-
ers ZmPEPC-f2 (5-CAG AAC CGA TGA AAT CAG
G-3") and ZmPEPC-r2 (5'-CAG CTC TTC AAT CTG
ATC G-3') were located in the flanking regions of intron
4 (449 bp) in maize PEPC genomic DNA (Fig. 1). The
size of the unspliced product is 753 bp, while the size of
the spliced product is 304 bp. For internal control in rice,
primers OsActinl-F (5-TCC ATC TTG GCA TCT CTC
AG-3') and OsActinl-R (5'-TAC CCT CAT CAG GCA
TCT G-3") were employed to amplify the actin fragment
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of 337 bp; and for internal control in C. spinosa, primers
CsEF1-f1 (5'-ATC AAC ATT GTG GTC ATT GG-3’) and
CsEF1-rl (5-TTG ATC TGG TCA AGA GCC-3') were
employed to amplify the elongation factor 1 fragment of
650 bp. Reverse transcription was carried out at 50°C for
30 min. Initial PCR activation was carried out at 94 °C for
15 min. DNA amplification was carried out for 35 cycles
(denaturation at 94 °C for 0.5 min, annealing at 55 °C for
0.5 min, extension at 72 °C for 1 min). Final extension was
performed at 72°C for 10 min, and the PCR product was
stored overnight at 15 °C in a PCR machine (PTC-200, Pel-
tier Thermal Cycler). Following amplification, PCR prod-
ucts were analyzed on a 1% agarose gel.

Southern blot analysis

For wild-type and transgenic rice plants, 15 pg of plant
DNA was digested overnight at 37°C with restriction
enzyme EcoRI. After electrophoresis on 0.8% agarose gel
in TAE buffer, the gel was washed, denatured, and trans-
ferred onto membrane as previously described (Tsai et al.
2012). To prepare the non-radioactive PCR DIG probe
(Roche Applied Science, Germany), equal amounts (20
pmol) of primers ZmPEPC-f2 and ZmPEPC-r2 were used
to amplify the foreign gene maize pepc DNA fragment
(753 bp) from the expression vector PEPCgenome/pBIH2
(1 pg) and the reaction mixture as previously described
(Tsai et al. 2012). For PCR amplification of the probe,
hybridization, and detection were as previously described
(Tsai et al. 2012).

For wild-type and transgenic C. spinosa plants, 15 ug of
plant DNA was used for overnight digestion at 37 °C with
restriction enzyme HindIIl. After electrophoresis and trans-
fer onto membrane, DIG-labelled PCR products from two
gene-specific primer sets, Kan-F and Kan-R for amplifica-
tion of the 795-bp-long DNA fragment corresponding to
the full-length selection marker nptll gene, and ZmPEPC-
f2 and ZmPEPC-r2 for the 753-bp-long DNA fragment
corresponding to the maize pepc gene were used as probes
in hybridization experiments. Detailed protocols were
described previously (Tsai et al. 2012).

Seedling assay for antibiotic resistance

For rice plants, dehulled seeds were sterilized by sequential
treatment with 70% ethanol and 1% sodium hypochoride
for 10 min, washed thoroughly with sterile water, and then
inoculated on germination medium containing MS salts
(Murashige and Skoog 1962), 3% sucrose, 0.8% Bacto-
agar, 50 mg 1=} hygromycin. The cultures were incubated at
25°C under 16-h illumination for 2 weeks. Seedlings that
displayed restricted growth, had pale green or white aerial
parts, and showed inhibition of main root extension were
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considered to be hygromycin sensitive, whereas seedlings
with healthy development of leaves and roots were consid-
ered to be hygromycin resistant.

Seedling assay for transgenic C. spinosa plants resistant
to 100 mg 1~! kanamycin was as previously described (Tsai
et al. 2012).

Western blot analysis and assay of PEPC activity

Protein extraction, gel electrophoresis, western blot
analysis, and assay of PEPC activity were as previously
described (Ku et al. 1999). Briefly, 0.1 g leaf tissue from
wild-type and transgenic plants was harvested and quickly
ground in 1.5 ml extraction buffer (50 mM Tris—HCI, pH
7.0; 10 mM MgCl,; 1 mM EDTA; 5 mM dithiothreitol; 5%
polyvinylpolypyrrolidone; 10% glycerol) using a cold pes-
tle and mortar. Leaf extract was centrifuged at 15,000g for
10 min, and the supernatant was used immediately for assay
of PEPC. PEPC activity was assayed spectrophotometri-
cally at room temperature in a mixture [5S0 mM Tricine—
KOH, pH 8.0; 0.1 mM EDTA; 1 mM dithiothreitol; 10 mM
MgCl,; 10 mM NaHCOj;; 3 U NAD-malate dehydrogenase;
0.2 mM NADH; 0.01 ml protein extract (0.03 mg protein)].
The reaction was initiated by adding phosphoenolpyruvate
to a final concentration of 2 mM. For western blot analysis,
15 pg of total soluble protein from leaf extract was elec-
trophoretically separated on 10% SDS—polyacrylamide gel,
and transferred onto a nitrocellulose membrane. The blot
was incubated with anti-PEPC antibody, then visualized by
incubation with alkaline phosphatase-conjugated goat anti-
rabbit IgG followed by color development with BCIP/NBT.

Results

Isolation and confirmation of putative transgenic plants
from rice and C. spinosa

As shown in Fig. 1, the transformation vector PEPCge-
nome/pBIH2 carries both kanamycin and hygromycin
selection marker genes. For rice, from a total of 819 seed-
derived embryogenic calli, 30 putative transgenic plants
were obtained from selection medium containing 50 mg 17!
hygromycin. To avoid redundant transgenic plants, only a
single shoot was excised from each callus. Among the 30
putative transgenic plants, one seedling grown in the green-
house was infected by microorganisms and finally died
before further verification. Schematic representation of the
typical protocol is shown in Fig. 2.

Using the protocols of plant regeneration and transfor-
mation for C. spinosa we previously developed (Tsai et al.
2012), four putative transgenic plants were obtained from
a total of 164 cotyledon explants using selection medium
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Fig. 2 Agrobacterium-mediated transformation was used to gener-
ate transgenic rice plants carrying the C,-specific pepc gene from
maize. a Hygromycin resistant calli were proliferated in the selection
medium. b Green shoots were initiated from resistant calli. Only one

containing 50 mg 17! kanamycin, and then grown in a
greenhouse (Fig. 3).

To verify the rice transformants, we isolated genomic
DNA from leaves of plantlets and PCR analysis was carried
out using specific primers for pepc (Fig. 4a) or the selec-
tion marker hygromycin (hptll) gene (Fig. 4b). No PCR
product was detected in wild-type rice (WT). Among the
29 putative transgenic plants, 28 transgenic plants carried

Fig. 3 Agrobacterium-mediated
transformation was used to
generate transgenic Cleome
spinosa plants carrying the
C-specific pepc gene from
maize. Cotyledon explants were
excised from the seedlings
grown in vitro, infection with A.
tumefaciens strain EHA105 car-
rying the PEPCgenome/pBIH2
vector, and incubated on selec-
tion medium containing 50 mg
17! kanamycin and 200 mg 17!
timentin. The rooted plantlets
were transferred to potting soil.
a Transgenic plant at the young
stage. b Flowers were observed
in a transgenic plant. ¢ Enlarged
flower showing plenty of nar-
row capsules

shoot was excised from each callus from further plant regeneration. ¢
The putative transgenic line was grown in test tube. d Putative trans-
genic plants were transferred into pots and grown in a greenhouse

both transgenes, as revealed by the presence of two unique
PCR bands of 1385 bp (pepc; Fig. 4a) and 1021 bp (hptlI;
Fig. 4b). One transgenic line (No. 11) is considered to be
a false positive line, since the hptll selection marker was
detected in its genome and thus was able to grow in 50 mg
1I=! hygromycin-containing media R2S and NBS during
selection; however, the foreign maize genomic pepc DNA
fragment was not detected, probably due to incomplete
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Fig. 4 Confirmation of transgenes in transgenic rice and Cleome
spinosa plants by genomic PCR analysis. a, b Genomic DNA was
isolated from wild-type (WT) and 29 putative transgenic rice plants,
200 ng of each DNA sample was used for PCR in the presence of
pepc-specific primers F-1201 and R153 (a) or selection marker hptlI-
specific primers HPT_F and HPT_R (b). The size of PCR product in

T-DNA integration in Agrobacterium infection. Loss of
one of the two transgenes within the same T-DNA is a
frequent event, and has been reported in a range of plants
including wheat (Wu et al. 2006), rice (Kim et al. 2003),
and our recent studies in Bidens pilosa (Wang et al. 2012)
and Cleome spinosa (Tsai et al. 2012). Similarly, to verify
transgenic C. spinosa plants, genomic DNA was isolated
and PCR analysis was carried out using specific primers for
pepc (Fig. 4c), and selection marker gene Aptil (Fig. 4d) or
kanamycin (nptll; Fig. 4e). No PCR product was detected
in the wild-type C. spinosa (WT), while unique PCR bands
of 1385 bp (pepc; Fig. 4c), 1021 bp (hptll; Fig. 4d) and
795 bp (nptll; Fig. 4e) were detected in all 4 transgenic
lines obtained when specific primers were employed.

C, maize pepc gene expression in C; transgenic plants

The transformation vector PEPCgenome/pBIH2 carries
a maize (a C, plant) pepc genomic fragment (8.8 kb)
containing promoter, all introns and exons, and termi-
nator sequences (Fig. 1). To investigate whether the C,
maize pepc gene can be expressed and is functionally
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panel a is 1385 bp, whereas in panel b it is 1021 bp. Plasmid PEP-
Cgenome/pBIH2 was used as positive control (lane P). Molecular
sizes are indicated by arrows. c—e Genomic DNA was isolated from
wild-type (WT) and four putative transgenic C. spinosa plants, and
PCR was carried out using pepc-specific (1383 bp; ¢), hptll-specific
(1021 bp; d) or nptll-specific (795 bp; e) primers

active in the C; monocot rice and the C; dicot C. spi-
nosa plants, the first step was to confirm whether the
C, maize pepc gene can be transcribed into pre-mRNA
and then pre-mRNA can be spliced into mature mRNA.
Nucleotide sequence analysis revealed that the length of
the maize pepc gene including 10 exons and 9 introns is
5022 bp (from the first nucleotide of start codon ATG to
the last nucleotide of stop codon TAG), and the length of
its cDNA is 2913 bp (Matsuoka and Minami 1989). At
the very beginning, we did not obtain any PCR product
for full-length cDNA when forward and reverse prim-
ers for the pepc gene were employed, probably due to
its large size for amplification. Figure 5 shows the splic-
ing of Intron 4 (449 bp in length), which is the second
largest intron in the pepc genomic sequence. The for-
ward primer ZmPEPC-f2 is located at Exon 3, whereas
the reverse primer ZmPEPC-r2 is located at Exon 5. If
the transformed maize C, pepc gene is also function-
ally transcribed and spliced into mRNA in C; transgenic
plants, the expected PCR product should be 304 bp after
splicing of Intron 4, whereas the unspliced PCR prod-
uct should be 753 bp. Results from RT-PCR analysis
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Fig. 5 Examination of accuracy of intron-splicing in transgenic rice
(a, b) and Cleome spinosa (c, d) plants by reverse transcription-PCR
(RT-PCR) analysis. Total RNA was isolated from leaf of wild-type
(WT) and random-selected 14 transgenic rice plants (a), or from wild-
type (WT) and four transgenic C. spinosa plants (c), 400 ng RNA
from each sample was used for RT-PCR in the presence of primers
ZmPEPC-f2 and ZmPEPC-r2, which are the flanking sequences of
the Intron 4 in the maize pepc gene. The expected size of the PCR

revealed that no PCR product was detected in RNA
samples isolated from wild-type rice (Fig. 5a) or wild-
type C. spinosa (Fig. 5c), indicating the specificity and
reliability of the assay. In contrast, a unique band of
0.3 kb was detected in all 14 random-selected transgenic
rice plants examined (Fig. 5a), indicating that Intron 4
(449 bp) is indeed spliced out to form mature mRNA. In
other words, maize C, pepc gene can also be transcribed
and spliced into mature mRNA in C; monocot rice. The
transformation vector PEPCgenome/pBIH2 was used
as a positive control, a unique PCR band of 753 bp was
detected (Fig. 5). This is the expected size if Intron 4
has not been spliced. For transgenic C. spinosa plants,
a unique band of 0.3 kb was detected in 3 (i.e., #2, #6,
#14) out of 4 transgenic plants (Fig. 5c), indicating that
maize C, pepc gene can also be transcribed and spliced
correctly into mature mRNA in C; dicot C. spinosa
plants. No PCR product was detected in transgenic plant
#8 (Fig. 5¢). The reason is not clear yet.

product from genomic DNA is 753 bp, whereas the expected size of
PCR product from the mRNA is 304 bp (a, ¢). As an internal con-
trol in rice, OsActinl was amplified, yielding a product of 337 bp (b).
For internal control in C. spinosa, CsEF1 was amplified, yielding a
product of 650 bp (d). Plasmid PEPCgenome/pBIH2 carrying maize
pepc genomic DNA was used as a positive control (lanes P). RT-PCR
without template DNA was used as a negative control (lanes N)

Presence of single to multiple copies of maize pepc gene
of transgenic plants

To estimate the copy number in each transgenic rice
plant, genomic DNA from wild-type and 8 random-
selected transgenic plants was digested with EcoRI and
the DNA fragments were resolved electrophoretically. To
prepare the PCR probe, the same primers, ZmPEPC-f2
and ZmPEPC-r2, were used to amplify the 753 bp DNA
fragment in the maize pepc genomic sequence from the
transformation vector PEPCgenome/pBIH2. No inter-
nal EcoRI restriction site was found in the probe. No
hybridization band was detected in the wild-type DNA
sample (Fig. 6). The hybridization bands in all samples
were different, indicating that all of the 8 transgenic
plants were independent integration events. A single copy
of the maize pepc gene was integrated into the genome
of transgenic plants #3, #17 and #28, two copies of the
maize gene were detected in transgenic plants #1, #2 and

@ Springer



516

Plant Cell Tiss Organ Cult (2017) 128:509-519

01 02

e Tt

03 04 17 26 27 28 WT

Fig. 6 Southern blot analysis of transgenic rice plants. For each sam-
ple, 15 pg of genomic DNA was digested with EcoRI and probed
with DIG-labeled PCR product of maize pepc DNA fragment
(753 bp)

a #2 #6 #8 #14 WT b #2 #6 #8 #14 WT
bp bp
23130 > 23130 =
9416 >
6557 = 9416 =
6557 >
4361 >
4361—>
2332 >
2027 >
2332>
2027 -

Probed with nptll Probed with pepc

Fig. 7 Southern blot analysis of transgenic Cleome spinosa plants.
For each sample, 15 ug of genomic DNA was digested with HindIIl
and probed with DIG-labeled PCR product of nptlI (a) or maize pepc
DNA fragment (b)

#27, and 4 to 5 copies of the maize gene were detected in
transgenic plants #4 and #26 (Fig. 6).

For transgenic C. spinosa plants, genomic DNA from
wild-type and 4 transgenic plants was digested with Hin-
dIIl, and probed with the selection marker gene nptll
(795 bp) or the same maize pepc fragment (753 bp). No
internal HindIlI restriction site was found in the selection
marker nptll gene. No hybridization band was detected
in the wild-type sample in either Southern blot (Fig. 7).
Again, the hybridization bands in all samples were differ-
ent, indicating that all of the 4 transgenic plants were inde-
pendent integration events. For the Southern blot probed
with the selection marker nptl/l, multiple copies were
detected in transgenic plant #2, and 3 copies were detected

@ Springer

in transgenic plants #6 and #8 (Fig. 7a). This is consistent
with the results obtained from the Southern blot probed
with the maize pepc fragment (753 bp), except that only
one hybridization band was detected in transgenic plant #8
(Fig. 7b). For transgenic plant #14, although the hybridi-
zation signal was detected by both probes, the size of the
hybridization band was quite large and the signal was quite
thick. We, therefore, believe that multiple copies of the
transgene were inserted into the host chromosomal genome
in this transgenic plant.

Transgenes are stably transmitted into their progenies

To demonstrate the stability and inheritance of the
transgenes, three transgenic rice plants (#3, #17, #28),
each harboring a single copy of the transgene as revealed
by Southern blot (Fig. 6), were transferred to a green-
house until maturation. One of transgenic plants (#28) was
infected by microorganisms. Seeds collected from selfed T,
plants (#3, #17) were sterilized and germinated on selec-
tion medium containing 50 mg 1=' hygromycin. The num-
ber of resistant seedlings (58) to sensitive seedlings (21)
in transgenic plant #3 and resistant seedlings (61) to sensi-
tive seedlings (19) in transgenic plant #17 showed a Men-
delian segregation ratio of R:S=3:1. Then, nine and seven
T, resistant seedlings from transgenic plants #3 and #17,
respectively, were transferred into the greenhouse. Seed-
ling assay was carried out using approximately 60 T, seeds.
From total five samples (three from T, transgenic #3 seeds
and two from T, transgenic #17 seeds) we examined, two
homozygous T, seeds (i.e., #3-7 and #17-3) were identi-
fied, as all the 60 T, seedlings from T, transgenic #3-7 and
#17-3 plants showed a resistant phenotype in hygromycin-
containing medium. Since homozygous lines #3-7 and
#17-3 representing transgenic plants #3 and #17, respec-
tively, were obtained; therefore, we stopped screening the
rest (11) of T, seeds. Homozygous plants were transferred
into pots and grown up to the T5 generation. As an example,
all T, seedlings from transgenic lines (#3 and #17) showed
a resistant phenotype in hygromycin-containing medium
(Fig. 8). Thus, we concluded that a single copy of the for-
eign DNA cassette was inserted into the nuclear chromo-
some in transgenic plants #3 and #17, and the transgenes
were transmitted in a Mendelian manner and stably inher-
ited from their transgenic parents into their progenies.

For transgenic C. spinosa plants, multiple copies of the
maize PEPC gene were detected as revealed by Southern
blot analysis (Fig. 7), all 4 transgenic plants we obtained
were transferred into pots and grown in a greenhouse until
maturation. Seeds collected from selfed T, plants were
sterilized and then germinated on kanamycin-containing
medium. As expected, all T, seedlings from all 4 transgenic
plants showed resistant phenotype (data not shown), since
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Fig. 8 Progeny assay showing hygromycin-resistant phenotype. Sterilized seeds from wild-type (WT) and T, generation of 2 homozygous lines
(3 and 7) carrying single insertion of maize pepc gene were incubated on selection medium containing 50 mg 17! hygromycin for 2-3 weeks

T, sensitive seedlings are relatively rare from a limited
number of seeds under assay. No effort was made to screen
for homozygous lines from the plants, as it may take quite
a long time to breed a homozygous line carrying multiple
copies of transgenes.

Detection of maize PEPC protein and PEPC enzyme
activity in transgenic plants

To evaluate the presence and function of maize PEPC pro-
tein in the transgenic plants, total protein was extracted
from leaf tissue and subjected to western blot analysis.
Two individual Ts resistant plants from each of the sin-
gle homozygous lines of transgenic rice (i.e., #3-1, #3-2,
#17-1, #17-2) were selected from hygromycin-containing
medium and grown in a greenhouse, and the expression
of the maize pepc gene in transgenic rice plants was con-
firmed by the presence of the 110-kDa protein specific
for the maize enzyme (Fig. 9a). For the transgenic C. spi-
nosa plants, 2 individual T, resistant plants from 3 trans-
genic lines (i.e., #2-1, #2-2, #6-1, #6-2, #14-1, #14-2) were
selected from kanamycin-containing medium and grown in
a greenhouse, and expression of the pepc gene in transgenic
C. spinosa plants was also confirmed by the presence of the
110-kDa protein specific for the maize enzyme (Fig. 9b). It
is well documented that the maize PEPC enzyme is com-
posed of 970 amino acid residues with a molecular mass of
109,408 Da (Matsuoka and Minami 1989).

Next, PEPC enzyme activity was measured to exam-
ine the function of the maize pepc gene in transgenic
plants. As expected, a minimal or background level of
PEPC activity was detected in the leaves of wild-type rice
(average = 56 umol mg chl™' h™!; Fig. 10a) or C. spinosa
(7 umol mg chl™' h~!; Fig. 10b). Average PEPC activ-
ity in the leaves of 2 Ts plants from transgenic rice line
3 (namely, #3-1 and #3-2) was 529 umol mg chl™' h7!,
which is 9.4-fold higher than that of wild-type rice and is
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(110kDa)_) — et Gy (st sy
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(56 kDa)
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Fig. 9 Western blot analysis showing the presence of maize PEPC
proteins in transgenic rice (a) and transgenic Cleome spinosa (b)
plants but not in wild-type plants. RbcL proteins were visualized as
loading control

close to 54% of the maize activity (Fig. 10a). For another
transgenic line, #17, average PEPC activity in the leaves
of two Ts plants (namely, #17-1 and #17-2) was 397
umol mg chl™! h™!, which is sevenfold higher than that
of wild-type rice and is close to 40% of the maize activ-
ity (Fig. 10a). For transgenic C. spinosa plants (Fig. 10b),
average PEPC activity in the leaves of two individual T,
plants from transgenic line #2 (namely, #2-1 and #2-2)
was 152 umol mg chl™' h™!, which is much lower than
those of transgenic rice plants obtained. Average PEPC
activity in transgenic lines #14-1 and #14-2 was 100
umol mg chl™! h™!. Similarly, a low PEPC activity was
detected in the leaves of transgenic line #6, which is con-
sistent with the very faint band observed in western blot
analysis (Fig. 9b).
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a exhibit much higher transformation efficiency. Though
Hene TNG67 is classified as a japonica rice it has some indica
gwoo | 982435 rice background (Dalrymple 1986) and this may account
2 for its lower efficiency. More importantly, using the rigor-
£ 800 - ous criteria during selection, all transformants we exam-
g — 53347525162 | ined are independent lines as revealed by Southern blot
2> = 444421 analysis (Figs. 6, 7). Redundant transformants should be
'~§ 4004 B Bl aa0i4 P eliminated bef(?re analyzipg any results for the transgen'e.
o No apparent differences in phenotype were observed in
w 200 + 62418 5040 any of the transgenic plants as compared to their wild-
~ type parents. This result is similar to other reports that
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Fig. 10 PEPC enzyme activity assay showing the PEPC activities
in transgenic rice (a) and transgenic Cleome spinosa (b) plants. Data
were expressed as mean=+SD (n=3)

Discussion

In this study, the vector PEPCgenome/pBIH2 carry-
ing intact maize pepc genomic DNA fragment and two
selective antibiotic resistant genes (nptIl and hptIl) was
used to transform the monocot rice and dicot C. spinosa
plants by Agrobacterium-mediated method. For rice, both
pepc-specific and hptll-specific fragments were detected
in 28 transgenic plants regenerated from a total of 819
seed-derived embryogenic calli (Fig. 4a, b). Thus, the
transformation efficiency for rice was 3.4%. For C. spi-
nosa, 4 transgenic plants were obtained from a total of
164 cotyledon explants, and pepc-specific, hptll-specific
and nptill-specific fragments were detected in all these
plants (Fig. 4b, c, e). Thus, a slightly lower transfor-
mation efficiency of 2.4% was achieved for C. spinosa.
Although the transformation efficiency in rice is much
lower than reported previously (75-95%; Sallaud et al.
2003), the transformation efficiency in C. spinosa is simi-
lar to our previous report (3.5%; Tsai et al. 2012). The
large variation in rice transformation efficiency could
be attributed to the use of different cultivars. Relative to
recalcitrant indica rice cultivars, japonica rice cultivars
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over 90% transgenic rice plants carrying the same con-
struct in different cultivars exhibited normal phenotype
as the wild-type origin (Ku et al. 1999; Bandyopadhyay
et al. 2007).

Two Ts5 homozygous lines (i.e., #3 and #17), each har-
boring a single insertion of maize pepc gene, have been
identified from transgenic japonica rice cultivar TNG67.
About 7- to 9.4-fold or 40-54% of PEPC enzyme activi-
ties were measured as compared to untransformed wild-
type rice or wild-type maize, respectively (Fig. 10). Previ-
ously, PEPC enzyme activities onefold to threefold higher
than wild-type maize were detected in two transgenic
Jjaponica rice cultivars Kitaake and Nipponbare using the
same construct (Ku et al. 1999), and progenies from sev-
eral generations of these transformants were used studying
physiological and metabolic enzyme activities during the
flowering stage (Xia and Cao 2013; Chen et al. 2014; Qian
et al. 2015). These studies revealed an enhanced drought
tolerance of transgenic rice plants expressing high levels
of maize PEPC by more efficiently scavenging reactive
oxyradicals. Moreover, the same construct has been used
to transform the indica rice line IR68899B and transfor-
mants showed enhanced photosynthesis rate under high
temperature conditions (Bandyopadhyay et al. 2007). Most
recently, transgenic wheat plants were transformed with
pepc cDNA and showed about fourfold higher PEPC activ-
ity, relative to the wild-type wheat (Zhang et al. 2014). The
transgenic wheat plants exhibited enhanced photosynthetic
performance and stress tolerance. No evaluation has been
made in these studies whether the differences in expression
level affect the photosynthetic performance and stress tol-
erance. Thus, we believe that our transgenic rice lines in
the japonica cultivar TNG67, a popular commercial culti-
var, with varying expression levels are valuable material for
studying physiological responses during the vegetative and
reproductive stages or investigating the photosynthetic per-
formance under various stress conditions, since dramatic
differences may occur between different cultivars under the
same conditions. Coexpression of one or more key genes
from the C, photosynthetic pathway into our transgenic
lines carrying maize pepc gene is also an interesting topic
to be explored.
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