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Iron deficiency is the most common nutritional disorder, affecting over 30% of the
world’s human population. The primary method used to alleviate this problem is nutrient
biofortification of crops so as to improve the iron content and its availability in food sources.
The over-expression of ferritin is an effective method to increase iron concentration in trans-
genic crops. For the research reported herein, sickle alfalfa (Medicago falcata L.) ferritin
was transformed into wheat driven by the seed-storage protein glutelin GluB-1 gene pro-
moter. The integration of ferritin into the wheat was assessed by PCR, RT-PCR and Western
blotting. The concentration of certain minerals in the transgenic wheat grain was determined
by inductively coupled plasma-atomic emission spectrometry, the results showed that grain
Fe and Zn concentration of transgenic wheat increased by 73% and 44% compared to non-
transformed wheat, respectively. However, grain Cu and Cd concentration of transgenic
wheat grain decreased significantly in comparison with non-transformed wheat. The results
suggest that the over-expression of sickle alfalfa ferritin, controlled by the seed-storage
protein glutelin GluB-1 gene promoter, increases the grain Fe and Zn concentration, but also
affects the homeostasis of other minerals in transgenic wheat grain.

Keywords: sickle alfalfa, ferritin, wheat, transformation, Fe, Zn
Abbreviations: BLAST, Basic Local Alignment Search Tool; NCBI, National Center for
Biotechnology Information; PCR, polymerase chain reaction; RT-PCR, reverse transcription

PCR; WHO, world health organization; [AA: Indole-3-acetic acid; MET: paclobutrazol, 2,4-
D: 2-(2,4-dichlorophenoxy)acetic acid.

Introduction

Iron (Fe) is an essential micronutrient for most organisms, and its deficiency is the most
common and widespread nutritional disorder in the world (WHO 2014). More than 30%
of the world’s population, ~2 billion people, suffers from iron-deficiency-related anae-
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mia; the major health effects of iron deficiency include impaired physical, reduced cogni-
tive development and reduced work productivity that decreases the work capacity of in-
dividuals and entire populations, bringing serious economic consequences and obstacles
to national development (WHO 2014).

Three approaches, food biofortification, food fortification and micronutrient supple-
mentation, have been applied to the problem of micronutrient deficiencies (Masuda et al.
2013). Improving crop varieties using modern genetic engineering or conventional breed-
ing to increase the iron content has the advantage of sustainability, i.e., the biofortified
crops will not require further investment, unlike the addition of iron-containing chemicals
to food or the use of iron supplements in pill form (Gomez et al. 2010). Hence, it is best
to develop iron-biofortified foods through the application of technology.

Ferritin is an intracellular plastid protein that controls iron sequestration, storage, and
release (Koorts and Viljoen 2007). Thus, ferritin is an important gene for the regulation
of iron accumulation in plants. Modern genetic engineering is being used to modify major
staple food crops to increase iron accumulation. Over-expression of ferritin in crops has
been an effective strategy for increasing iron levels (Goto et al. 1998; Lucca et al. 2002;
Vasconcelos et al. 2003; Drakakaki et al. 2005; Qu et al. 2005; Borg et al. 2012; Masuda
etal. 2012; Sui et al. 2012; Kanobe et al. 2013). Drakakaki et al. (2000) transformed soy-
bean ferritin into wheat and rice, under the control of the constitutive maize ubiquitin-1
gene promoter, the iron level increased significantly in the vegetative tissues of transfor-
mant plants. Soybean ferritin expressed in the transgenic T1 rice and under the control of
the seed storage protein glutelin GluB-1 gene promoter increased the iron concentration
of self-pollinated T1 seeds threefold compared with that of non-transformed plants (Goto
et al. 1999). Additionally, Borg et al. (2012) transformed endogenous wheat ferritin, driv-
en by the HMW-GS 1DX5 gene promoter, into the wheat cultivar Bob White, the iron
concentration of the resulting transgenic line increased by 50% to 85%. The aforemen-
tioned studies demonstrated the potential for breeding transgenic ferritin-containing
crops to produce substantial amounts of iron.

In addition to rice, wheat (Triticum aestivum) is an important food crop, cultivated by
40% of the population throughout the world and provides humans with 20% of total calories
and protein requirement (Gupta et al. 2008). Thus, fortification of wheat is a highly desira-
ble approach to overcome iron deficiency in humans. After cloning, sickle alfalfa (Med-
icago falcata L.) ferritin, driven by the promoter of the seed-storage protein glutelin GluB-
1 gene, was transformed into wheat, grain Fe and Zn concentration of transgenic wheat in-
creased by 73% and 44% compared with non-transformed wheat, respectively. This work
may contribute to alleviating iron-deficiency anemia and serve to improve public health.

Materials and Methods

Isolation of ferritin from sickle alfalfa

Sickle alfalfa was grown in the experimental field of Harbin Normal University, China.
When the seedlings developed with three true leaves, leaf samples were collected for
RNA extraction. Total RNA was extracted from samples of sickle alfalfa leaves as de-
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scribed by Cui et al. (2006). Sickle alfalfa ferritin was isolated from total RNA as de-
scribed in Guo et al. (2008). The orthologous sequence search was performed with the
basic local alignment search tool (BLAST) provided by the National Centre for Biotech-
nology Information databases (http://www.ncbi.nlm.nih.gov/BLAST/). The alignment of
orthologous ferritin was performed by DNAMAN software (Lynnon, Quebec, Canada).

Construction of seed-specific expression vector pBlu-GluB-1/Fer

Ferritin cDNA was designed to generate a 756 bp fragment containing an open reading
frame, which was inserted into a modified pBlueskript SK+ vector, driven by the seed
specific expression promoter of the GluB-1 gene, and terminated by the Nos terminator.
Sickle alfalfa ferritin was inserted between the Sacl and BamHI sites to generate the ex-
pression vector pBlu-GluB-1/Fer (Fig. 1).

Wheat genetic transformation by particle bombardment

Wheat cultivar Longful6 was used in this study. Immature embryos (13—14 days Postath-
esis) were explanted and cultured in callus induction medium (MS + 2,4-D 2 mg/L + su-
crose 50 g/L +agar 5 g/L) as described by Quan et al. (2007). Explants were cultured for
7 days in dark at 25 °C. The target tissue was then transferred to medium containing
0.2 M mannitol for 4-6 h prior to bombardment and 16—18 h after bombardment. Particle
bombardment was carried out using gold particles coated with a mixture of expression
vector pBlu-GluB-1/Fer. After bombardment, cultures were transferred to callus induc-
tion medium and incubated for 14 days in the dark. Embryogenesis callus was transferred
to 1/2 MS medium supplemented with 5 mg/L zeatin, and 2 mg/L bialaphos maintained
under light. Plants were regenerated in the presence of bialaphos at 25 °C. Resistant re-
generated shoots acclimated in 1/2 MS medium supplemented with 0.3 mg/L IAA and 0.5
mg/L MET for 14 days and were transplanted to pots in the greenhouse (28 °C, 25,000
lux, Light/Dark, 16/8 h) (Quan et al. 2007). Wheat grain was harvested from each plant
separately at maturity.

Molecular analysis of transgenic wheat lines by PCR and RT-PCR

Genomic DNA, extracted from T1 transgenic plants, non-transformed wheat plant as
negative control, plasmid DNA as positive control, was used for PCR analysis. The PCR
solution mixture contained 1xTaq polymerase buffer, 0.2 mM of each dNTP, 10 pM each

<—— nos Ferritin GluB-1 | 35s | bar | g7 —>

v v v
HindIIT BamHI Sacl  bglll
Figure 1. Schematic outline of the plant expressing vector pBlu-GluB-1/Fer
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of the primers, fer-1: TCGTGGGTCATTTCTCAAA and fer-2: AAAGACAGAGC-
CAATTCCATG (Fig. 2), and 1 unit Taq polymerase. The PCR condition was: 94 °C,
5 min for the initial melting; 35 cycles at 94 °C for 40 sec, 58 °C for 40 sec, and 72 °C for
40 sec; and a final extension step at 72 °C for 5 min. PCR-positive wheat plants were used
for RT-PCR to determine the transgene expression. Total RNA was isolated from T1
transgenic wheat plant and the non-transformed wheat plant, and then 1 mg total RNA
was used for each first-strand cDNA synthesis as described above. Next, 5 ml of each
first-strand cDNA solution was provided for template alone with fer-1 and fer-2 for PCR
amplification. Plasmid DNA was provided for template for positive control. The PCR
conditions were described above. PCR and RT-PCR products were analyzed by 1% aga-
rose gel electrophoresis.

Western blotting was performed to examine the expression levels of the sickle alfalfa
ferritin in wheat grain. Three T1 transgenic wheat plants and one non-transformed wheat
plant were examined. Total protein was extracted from the seeds, which had been ground
into powders, in 200 mM Tris-HCI pH8.0, 100 mM NaCl, 400 mM sucrose, 10 mM
EDTA, 14 mM 2-mercaptaethanol and 0.05% (w/v) Tween-20. Protein separation by
SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membrane as
described in Goto et al. (1999).

Thousand grain weight (TGW) and mineral concentration measurement

Transgenic wheat, identified by PCR, RT-PCR and western blotting techniques, and non-
transformed wheat was sown in pots (26 cm in diameter and 24 cm high) at Harbin Nor-
mal University, Harbin, China (45°N, 126°E). Pots contained a mix of black soil and
marsh soil (4:1). The following nutrients (CO(NH,), 2 g/pot, (NH,),HPO, 3 g/pot, K,SO,
1 g/pot) were added to soil mix before sowing. Plant density was standardized to 7 plants
per pot; and all transgenic lines and non-transformed wheat were replicated 3 times. The
location of transgenic wheat and non-transformed wheat was randomized to reduce loca-
tion effects. Plants were grown under natural condition, and frequent irrigations were
applied during the whole life cycle in order to prevent drought stress. Grain of T3 trans-
genic wheat and non-transformed wheat were used for TGW in 2010-2011. TGW of each
transgenic line and non-transformed wheat was estimated on a sample of 250 grains three
times, and each value was average of three replications. Mineral concentration was de-
tected by inductively coupled plasma atomic emission spectrometry (ICP-OES, OPTIMA
3300 DV, Perkin Elmer, USA) at the Determination Center for Agro-products Quality of
Heilongjiang Province, China. The concentrations of minerals were detected at wave
lengths 0 238.204 nm (Fe), 213.856 nm (Zn), 317.33 nm (Ca), 324.754 nm (Cu), 293.930
nm (Mn) and 214.438 nm (Cd) in the whole grain. The data of TGW and grain mineral
concentration was used for analysis of variance (ANOVA) to evaluate the significance of
the differences between transgenic wheat and non-transformed wheat.
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Results
Sequence analysis

Sickle alfalfa ferritin (GenBank EF535605.1) was successfully cloned and sequenced,
the analysis of the entire cDNA showed that it is 756 bp in length, so that it encodes fer-
ritin containing 252 residues (Guo et al. 2008). The BLAST results indicate that the sick-
le alfalfa ferritin sequence has 73% nucleotide identity with that of Phaseolus vulgaris
(genbank KF033276.1) (Lucca et al. 2002) and 78% nucleotide identity with Glycine
max (GenBank M64337.1) (Goto et al. 1999) (Fig. 2).

Molecular analysis of transgenic wheat

Using PCR, a specific amplicon of 500 bp, corresponding to the expected size of sickle
alfalfa ferritin, was found in the transgenic wheat and the positive control, whereas it was
absent in non-transformed wheat (Fig. 3). RT-PCR also produced a specific 500-bp am-
plicon using total RNA from the transgenic wheat and the positive control, but not from
the non-transformed wheat (Fig. 4). These data suggest that sickle alfalfa ferritin was
integrated into the transgenic wheat.

Western blotting was obtained to detect the expression of sickle alfalfa ferritin in the
transgenic wheat seeds, with a 28-kDa band (Fig. 5, lanes 1, 2, and 3) detected when

NT 1 2 3 4 5 M P

Figure 3. Molecular analysis of transgenic wheat using PCR

NT 1 2 3 4 5 6 M P

Figure 4. Molecular analysis of transgenic wheat using RT-PCR
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Figure 5. Western blotting of ferritin
NT, Non-transformants; P, Positive control; M:DL2000

transgenic wheat grain protein was probed, but not when non-transformed wheat grain
protein was probed. For the positive control, a 32-kDa band was detected, which, we
speculate, may be the precursor of ferritin. These results confirmed that sickle alfalfa fer-
ritin was expressed in the transgenic wheat grain.

Enhanced accumulation of Fe and Zn concentration in the transgenic wheat grain

TGW of transgenic wheat and non-transformed wheat was 36.68 g and 36.41 g in aver-
age, respectively. There is no significant difference between TGW of transgenic wheat
and non-transformed wheat, although TGW of transgenic wheat is higher than that of
non-transformed wheat. Inductively coupled plasma-atomic emission spectrometry was
used to measure the grain Fe, Zn, Ca, Cu, Mn and Cd concentration in four transgenic
wheat lines and non-transformed wheat. The result showed that grain Fe and Zn concen-
tration of transgenic wheat increased by 73% and 44% compared to non-transformed
wheat, respectively. However, grain Cu and Cd concentration of transgenic wheat signifi-
cantly decreased by 22% and 65% compared to non-transformed wheat, respectively.
Grain Ca concentration of the transgenic wheat tended to decline in comparison to that of
non-transformed wheat. Grain Mn concentration of the transgenic wheat fluctuated in
comparison with that of non-transformed wheat. As can be seen from Table 1 that TGW
of transgenic lines P1, P2 was significant higher than that of non-transformed wheat
(» <0.05) and TGW of transgenic lines P3, P4 showed no significant difference with that
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Table 1. Elemental analysis on seeds of transgenic wheat and thousand grain weight

Fe Zn Ca Mn Cu Cd TGW
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (ng/kg) (g)

Sample

NT | 44.945+£1.43 | 37.498+2.89 | 378.23%46.31 | 28.55°+0.89 | 5.70°+0.14 | 74.56°+1.93 | 36.41°+0.06
P1 | 77.504+1.03 | 53.78442.36 | 374.23%£7.20 | 27.59°+0.30 | 5.23+0.07 | 27.438+0.93 | 36.83%+0.062
P2 | 77.61A+1.15 | 53.84A+1.96 | 309.83+4.92 | 24.89%+0.16 | 4.18%0.09 | 26.065+0.39 | 37.13%£0.03
P3 | 78.01A+1.11 | 53.92441.10 | 359.96%°+10.24 | 33.50°+0.88 | 4.21°+0.11 | 27.058+0.62 | 36.52£0.05
P4 | 78.06+0.82 | 54.07443.01 | 377.43%+9.02 | 36.13%+0.89 | 4.37°+0.07 | 23.065+0.55 | 36.22+0.05

Data in columns displaying the same letters are not significantly different at p<0.05 by one-way ANOVA. Significantly different
»<0.01(Capital letters) and p<0.05(0.05).

of non-transformed wheat, but grain Fe and Zn concentration of transgenic lines (P1, P2,
P3 and P4) increased significantly compared to that of non-transformed wheat (p <0.01).
And there is no significant difference in grain Fe and Zn concentration between trans-
genic lines P1, P2 and P3, P4, although a significant difference was found between TGW
of transgenic lines P1, P2 and P3, P4. So, grain Fe and Zn concentration in transgenic
wheat was not correlated with TGW.

Discussion

Modern genetic and molecular technologies provide strategies to develop foods with
higher iron content. Over-expression of ferritin to increase the amount of iron in plants
has been applied to crop breeding (Goto et al. 1999; Drakakaki et al. 2000; Lucca et al.
2001; Vasconcelos et al. 2003; Qu et al. 2005). Eagling et al. (2014) discovered that cul-
tivars with greater Fe and Zn concentrations in whole meal flour were also found to con-
tain greater concentrations in white flour. Thus, breeding crop cultivars that produce
larger amounts of iron is a feasible method to provide more iron in food.

In the present study, over-expression of ferritin increased grain Fe and Zn concentra-
tion of transgenic wheat by 73% and 44%, respectively compared to non-transformed
wheat, while other mineral concentration was also affected by expression of ferritin,
which had been reported by several studies (Qu et al. 2005; Drakakaki et al. 2005; Vas-
concelos et al. 2003), Kanobe consider that over-expression of ferritin affects the native
mineral homeostasis in the transgenic plant (Kanobe et al. 2013).

The promoter selected to control ferritin expression is critical to iron accumulation in
specific tissues. Transgenic tobacco and lettuce plants with a larger amount of iron than
that found in the corresponding non-transformed crop have been produced by transforma-
tion with soybean ferritin cDNA driven by the cauliflower mosaic virus 35S gene pro-
moter (Goto et al. 1998, 2000). The iron concentration in the leaves of these transfor-
mants is 20% to 70% greater than that of non-transformants. The expression of soybean
ferritin under the control of the endosperm-specific glutelin gene promoter improved the
Fe and Zn concentrations in transgenic indica rice grain (Vasconcelos et al. 2003). The
over-expression of endogenous rice ferritin under the control of the OsglutelinA2 gene
promoter revealed a 2.1-fold enhancement in Fe concentration and a 1.36-fold Zn con-
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centration enhancement, in the transgenic aromatic milled rice grain (Paul et al. 2012). In
this work, expression of ferritin, controlled by the promoter of the seed-storage protein
glutelin GluB-1 gene, led to significantly increased Fe and Zn accumulation in transgenic
wheat grain.

Grain Fe and Zn concentration of wheat is varied in different genotypes (Shi et al.
2009; Zhang et al. 2007; Oury et al. 2006) and environmental factors, including fertilizer
application (Liu et al. 2014; Syltie et al. 2005; Kutman et al. 2010), drought (Amiri et al.
2015) and CO, enrichment (Fernando et al. 2014). In the present study, transgenic wheat
and non-transformed wheat were in the general genetic background and grew in the same
environment. So, increased grain Fe and Zn concentration is not due to genotype and
environment factors. In addition, Ozturk (2006) and Regvar (2011) stated that most Fe
and Zn are mainly distributed in the aleurone layer. So, grain Fe and Zn concentration had
negative correlation to grain size and TGW value due to the proportion of aleurone in
whole grain. However, several studies reported that grain Fe, Zn concentration was not
correlated with TGW (Shi et al. 2013; Amiri et al. 2015; Zhao et al. 2009). So, in this
study, grain Fe and Zn concentration of transgenic wheat increased significantly because
of expression of ferritin, instead of TGW, genotype and environment.

In order to alleviate iron deficiency in staple food crops, it is an affective way to im-
prove grain Fe and Zn concentration by breeding new cultivars with higher iron concen-
tration, while it is necessary to improve iron availability by reducint phytate concentra-
tion. Such a multi-pronged approach, combining these features, would further improve
the iron absorption of wheat grain as a food source.
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