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Abstract

Centromere-specific histone H3 (CENH3) replaces the canonical histone H3
in nucleosomes of functional centromeres, and plays important roles in
faithful chromosome segregation during cell division. CENH3 is also impor-
tant in the recognition of alien centromeres and determines the accommoda-
tion or elimination of alien chromosomes in interspecific or intergenic hybri-
dization. In this study, a maize full length CENH3 with a yellow fluorescent
protein (YFP) tag at C-terminus (ZmCENH3-YFP) and a synthetic hybrid
wmCENH3 with the N-terminus from wheat CENH3 and the histone fold
domain (HFD) from maize tagged with a red fluorescent protein (RFP) at the
C-terminus (wmCENH3-RFP) were transformed to wheat by biolistics transfor-
mation. Transgenic wheat plants with both ZmCNEH3-YFPand wmCENH3-
RFP genes were identified by PCR. The expression of ZmCENH3-YFP was
not observed, while the expression of wmCENH3-RFP could be detected by
RT-PCR, direct fluorescence microscopy, and immunostaining with anti-RFP
antibody. The expressed wmCENH3-RFP was localized to nuclei as dotted
patterns, indicating its targeting to wheat centromeres. Somatic hybridization
was performed between wmCENH3-RFP transgenic wheat and transgenic
maize that expressed a ZmCENH3-YFP gene to investigate chromosome be-
haviors in somatic hybrids. Cytological and FISH analyses of somatic hybrid
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cells showed the formation of micronuclei and lagging chromatin in both
somatic hybridizations with or without the wmCENH3-RFP transgene, indi-
cating that ectopically expressed wmCENH3 could not overcome chromosome
elimination in wheat/maize somatic hybrids. Immunostaining of wmCENH3-
RFP and ZmCENH3-YFP in early stage somatic hybrid cells indicated that
both wmCENH3-RFP and ZmCENH3-YFP proteins were expressed, but their
binding patterns changed from the commonly observed dotted patterns to dif-
fused ones, suggesting that the inactivation of CENH3 might be a factor for
chromosome elimination in wheat/maize somatic hybridization.
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Centromeric Histone H3, Genetic Transformation, Chromosome Elimination,
Somatic Hybridization, Wheat, Maize

1. Introduction

Centromeric histone H3 (CENH3) is a variant to replace canonical histone H3
nucleosome in functional centromere for kinetochore assembly. CENH3 is only
50% identical to canonical histone H3 in the histone fold domain (HFD) [1]. It
plays an important role in chromosome behaviors during cell divisions, espe-
cially in chromosome elimination and adaptation. For example, haploid Arabi-
dopsis plant could be produced by chromosome elimination when a wide type
plant was crossed with a cenh3 mutant expressing an engineered CENH3 or na-
turally occurring CENH3 from distant related plant species [2] [3]. The chro-
mosome elimination is always on chromosomes from the hybridization parent
that expresses the divergent CENH3. Chromosome elimination has also been
reported in the unstable interspecific barley hybrids caused by the loss of
CENHS3 protein and centromere inactivation [4]. In contrast, in the oat/maize
addition lines, oat CENH3 can nucleate functional kinetochores on maize
chromosomes while the maize CENH3 gene is silenced [5]. Thus, maize chro-
mosomes can be retained in the oat genetic background.

Two regions of CENH3 protein are highly variable: N-terminal tail for kine-
tochore assembly and the loop 1 region which interacts with nucleosomal DNA
and is crucial for centromere targeting and the recognition between CENH3 and
centromeric DNA sequence [6] [7]. Domain swap experiments showed that
chimeric CENH3 with the N-terminal tail from Lepidium oleraceum and the
HFD from A. thaliana caused chromosome missegregation and genome elimina-
tion, while the reversely swapped chimeric CENH3 with the A. thaliana N-terminal
tail and the L.oleraceum HFD acted normally as the Arabidopsis CENH3[3].
Thus, the evolution of CENH3 could contribute to hybridization barrier that
prevents genetic cross between distantly related plant species.

Hybridization barriers are generally divided into pre-zygotic and post-zygotic

barriers [8]. Pre-zygotic barriers include spatial and temporal separation [9],
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morphologically and ethologically floral isolation [10], and failure in pollen-pistil
interactions [11]. Technologies have been developed to overcome hybridization
barriers to broaden genetic resources for plant breeding. For example, artificial
hybridization could overcome some habitat, temporal and ethological barriers
[8]; gametic barriers could be solved via in vitro fertilization technology, in
which male and female gametes were isolate from reproductive organs of paren-
tal plants, and fused to produce zygotes through calcium-mediated, electrofusion
or microinjection, and ion measurement methods [12]. Post-zygotic barriers in-
clude hybrid non-viability, weakness and sterility [13] [14], hybrid breakdown
[15], and hybrid necrosis [16]. Post-zygotic barriers are mainly caused by aborted
embryo or endosperm, abnormal chromosome behaviors, and selective chromo-
some elimination [17] [18]. Some techniques have been developed to tackle
post-zygotic barriers. For example, chromosome doubling technique was devel-
oped to solve hybrid sterility [19], and embryo rescue technique was developed to
recover unviable and weak hybrid embryos from abortion [20]. Somatic hybridiza-
tion technique was also developed to generate somatic hybrids between sexually
incompatible plants that could not be realized by conventional genetic cross.
Recent studies have revealed molecular mechanisms of chromosome elimina-
tion in hybridization barrier. The importance of CENH3 in chromosome elimi-
nations hints that CENH3 might be manipulated to overcome chromosome eli-
minations. In wheat/maize hybrids from genetic cross and somatic hybridiza-
tion, maize chromosomes are quickly eliminated during the first several cell
cycles [21]-[26]. Chen et al [27] reported an attempt to ectopically express a
maize CENH3 gene (ZmCENH3) in transgenic wheat. However, although the
ZmCENH3 could be transcribed at a low level, ZmCENH3 protein was not de-
tected by both western blot and immunostaining. Chromosome elimination was
not suppressed in genetic crosses between transgenic wheat and maize. To over-
come the suppression of ZmCENH3 transgene expression in transgenic wheat,
we synthesized a hybrid wmCENH3 gene, which has the N-terminus before loop
1 domain from wheat 7aCENH3, the C-terminal HFD after loop 1 from maize
ZmCENH3, and a red fluorescent protein (RFP) tag at the C-terminus. The
synthesized wmCENH3 gene was cloned into a gene expression cassette under a
strong maize ubiquitin promoter [28], and transformed into wheat by biolistic
transformation. Transgenic wheat was generated and the influence of ectopically
expressed wmCENH3 on chromosome behaviors in wheat/maize somatic hybr-

ids was analyzed.

2. Materials and Methods
2.1. Plant Materials
“Bobwhite” bread wheat (Triticum aestivum L., 2n = 6x = 42), a super-trans-

formable inbred line, was used in this study. To induce wheat embryonic callus,

sterilized immature embryos [29] were cultured on Induction medium contain-
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ing 4.4 g/L MS mixture with vitamins, 30 g/L sucrose, 0.2 g/L casein, 0.146 g/L
glutamine, 2 mg/L 2, 4-D, 3 g/L Gelrite (pH 5.7). The induced wheat calli were
kept in an incubator with air temperature of 28°C in darkness and subcultured
every 4 weeks.

Transgenic ZmCENH3-YFP maize seeds were kindly provided by Prof. James
Birchler (University of Missouri, Columbia). Seeds were sowed in soil and kept
in growth chamber with photoperiod of 16 h, light intensity of 400 - 500
pmol/m?/s, relative humidity of 70%, air temperature of 28°C during the day and
of 25°C during the night.

2.2. Sequence Analysis

To analyze the similarity of three different CENH3 proteins, amino acid se-
quences of TaCENH3, ZmCENH3 and a synthetic wmCENH3 were aligned with
the canonical histone H3 of rice using the CLC Sequence Viewer 7.6 software

program (https://www.giagenbioinformatics.com/products/clc-sequence-viewer/).

2.3. Constructs for Wheat Transformation

The maize CENH3 gene with a YFP tag was constructed in pTF101, and was
kindly provided by Prof. James Birchler (University of Missouri, Columbia). The
pTF101-ZmCENH3-YFP (Figure 1(A)) had streptomycin resistance in E. colj
and two expression cassettes: a maize full length CENH3 gene with a YFP tag at
C-terminus driven by 2 x 35S promoter from cauliflower mosaic virus (CaMV),
and a Bar gene driven by 2 x 35S promoter as the selectable marker.

A wmCENH3-RFP gene was synthesized and cloned into the pCAMBIA3301
vector to construct pCAMBIA3301-wmCENH3-RFP (Figure 1(B)). This con-
struct had kanamycin resistance in E. colj, and three expression cassettes on
T-DNA region: a wmCENH3-RFP gene with wheat 7aCENH3 N-terminus be-
fore Loopl domain, the maize ZmCENH3 C-terminus after Loopl, and a RFP
gene tag at C-terminus, driven by a maize ubiquitin promoter [28]; a Bar gene
driven by 2 x 35S promoter from cauliflower mosaic virus as the selectable
marker; and a f-glucuronidase (GUS) gene [30] driven by 35S promoter as the
reporter gene.

2.4. Biolistic Transformation of Wheat and Plant Regeneration

Plasmid DNAs were extracted by alkaline extraction method [31], and purified
with QIAprep Spin miniprep Kit according to the manufacturer’s protocol. 1 ug
plasmid DNA of pCAMBIA3301-wmCENH3-RFP or pTF101-ZmCENH3-YFP
was coated to 1.5 mg (1 um diameter) gold particles (Bio-Rad) according to the
protocol of Gold Particle Preparation for Bombardment developed by the Iowa
State University Plant Transformation Facility

(http://ptf.agron.iastate.edu/protocol/Gold%20Particle.pdf). Wheat embryonic

calli were pre-treated at 25°C for 4 - 6 h in Osmotic medium (Induction medium
supplemented with 36.44 g/L mannitol and 36.44 g/L sorbitol), and bombarded
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(A)

LB Tvsp  Bar P35S2 p35s2 ZMCENH3 YFP Tnos RB

452 bp PCR product by 474 bp PCR product by
Bar primers ZmCENH3-YFP specific
primers

(B)

LB polyA Bar P35S2 Pubi WMCENH3 RFP Tocs  p3ss = GUS Tnos Rp

452 bp PCR product by 399 bp PCR product by
Bar primers wmCENH3-RFP specific
primers

Figure 1. CENH3 constructs for wheat transformation. (A) pTF101-ZmCNEH3-YFP
construct contains a Bialaphos resistance gene (Bar) gene driven by a 2 x 35S (P35S2)
promoter as the selection marker, and a ZmCENH3-YFP gene driven by the P35S2 pro-
moters; (B) pPCAMBIA3301-wmCENH3-RFP construct contains a Bar gene driven by the
P35S2 promoter as the selection marker, a wmCENH3-RFP gene driven by a constitutive
maize Ubi promoters (Pubi), and a GUS gene driven by a cauliflower mosaic virus
(CaMV) 35S promoter (P35S). LB and RB are the T-DNA left and right border sequences,
respectively; Tnos, Tocs, Tvsp, and polyA are terminators from Agrobacterium nopaline
synthase gene, Agrobacterium octopine synthase gene, soybean vegetative storage protein
gene and the polyA sequences from CaMV 35S RNA, respectively; GUS'is the S-glucuronidase
reporter gene; YFP and RFP are yellow and red fluorescence protein genes, respectively;
ZmCENH3 is the maize full length CENH3 gene; wmCENHS3 is a synthetic CENH3 gene
with the N-terminal tail from wheat 72CENH3 and the C-terminal part from maize
ZmCENH3 gene. The arrows point to the sites of primers used for PCR identification of
transgenic plants with transgenes of Bar, ZmCENH3-YFP, and wmCENH3-RFP, respec-
tively. The size of each PCR product is indicated.

with a Bio-Rad PDS 1000/He particle delivery system according to the previous
protocol [32] with the following parameters: 1300 psi delivery pressure of helium
tank and 1100 psi rupture disc. Petri dish with calli in the center was placed on
level 4 of sample holder in Bio-Rad PDS/1000 He, and the distance between ma-
crocarriers and calli was 12 cm.

The transformed calli were treated at 25°C in Osmotic medium for 16 - 20 h
after bombardment, and transferred to culture in the dark at 25°C for 2 weeks in
Selection medium I (Induction medium without glutamine and casein). The
proliferated calli were then cultured in the dark at 25°C for 3 months in Selec-
tion medium II (Selection medium I supplemented with 5 mg/L Bialaphos) for
positive calli selection. The Bialaphos resistant calli were transferred onto Rege-
neration medium (Selection medium without 2, 4-D, supplemented with 0.5
mg/L 6-BA, 0.1 mg/L IAA, and 2 mg/L Bialaphos), and cultured at 25°C in Plant
Tissue Culture Chamber (Percival Scientific Inc. CU-36L4 HOSTC Limited)
with the photoperiod of 16 h to induce shoots. The regenerated green plantlets

were transferred to Rooting medium (Selection medium I without 2, 4-D) for
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plantlets to develop at 25°C with the photoperiod of 16 h. Well-developed plan-
tlets were washed to remove the attached medium on roots with tap water, and
handled carefully to avoid damaging the roots. Plantlets with white and healthy
roots were planted in pots and cultured in growth chamber according to the
previous method [33] with high humidity for plants acclimatization during the
first week. The transgenic plants were growing in the growth chamber until ma-

turity and self-pollinated to produce seeds.

2.5. Genomic DNA Isolation from Transgenic Wheat

Genomic DNAs were isolated from wild type and transgenic wheat lines by SDS
method [34] with modification. 1 g of leaf samples was placed in a mortar and
ground by a pestle to a fine powder after treated with liquid nitrogen. The frozen
powder was then transferred to 2-ml tubes containing 1 ml DNA extraction buf-
fer [0.5 M NaCl, 0.1 M Tris-HCI, 0.05 M EDTA and 0.6% (w/v) SDS, pH 8.0] for
DNA extraction. Genomic DNA was precipitated by equal volumes of isopro-
panol and centrifugation. DNA pellets were re-suspended with 0.6 ml of 1 M
NaCl after centrifugation at 5000 rpm for 10 min at room temperature. 1 volume
of chloroform was added to DNA solution, mixed well and centrifuged at 12,000
rpm at room temperature for 10 min. The supernatants were transferred to
1.5-ml tubes and DNAs were precipitated with 1 volume of isopropanol at
—20°C. DNA pellets were washed with 500 pL of 70% (v/v) ethanol, air-dried
and then dissolved in 50 uL of sterilized Milli-Q water containing 10 units RNase
A for 5 min at room temperature. The quantity and quality of genomic DNAs

were determined by gel electrophoresis.

2.6. Identification of Transgenic Wheat Plants by PCR

PCR was performed with three sets of primers: 1) P1 (5-GCACCATCGTCAAC
CACTAC-3’) and P2 (5-TACCGGCAGGCTGAAGTCCA-3’) for 452 bp Bar
fragment, 2) P3 (5-AAGGATCCATGGCTCGAACCAAGC-3’) and P4 (5-AAG
AGCTCTCATGCCCAACGCCTT-3) for 474 bp ZmCENH3-YFP fragment, 3)
P5 (5-AGAGCGCTATACCGCAGAAG-3’) and P6 (5-GGGTGCTTCACGTA
CACCTT-3’) for 399 bp wmCENH3-RFP fragment.

PCR reactions were performed in a total volume of 20 pL containing 10 pL
Premix Ex Taq Hot Start Version (Takara Code No. HRR030A), 50 ng wheat
genomic DNA or 10 ng plasmid DNA, 0.5 uM each of forward and reverse pri-
mers with the following PCR program: an initial denaturalization at 95°C for 3
min, 35 cycles of denaturalization at 98°C for 10 s, annealing at 60°C for 30 s
and extension at 72°C for 40 s, followed by a final extension at 72°C for 5 min.
PCR products were checked on 0.8% agarose gel after staining by ethidium bro-
mide (EB).

2.7. Southern Blot for TO Transgenic Wheat Lines

Southern blot analysis was performed to confirm gene transformation in TO
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transgenic wheat. 20 pg of genomic DNA per sample was digested with 150 units
of restriction enzyme, EcoR I, at 37°C overnight, fractioned in a 1.0% (w/v) aga-
rose gel at 60 v for 4 h, denatured and transferred to Hybond N+ membranes. A
digoxygenin (DIG) labeled Bar gene DNA fragment was synthesized by PCR
with the Bar primers of P1/P2 and used as the probe. Prehybridization, washing,
and chemiluminescent detection of the blots were performed according to the

manufacturer’s instructions (Roche Diagnostics GmbH, Mannheim, Germany).

2.8. Expression Analysis of wnmCENH3-RFP in Transgenic Wheat

RT-PCR was performed in TO transgenic wheat for the detection of wmCENH3 -
RFP expression. Total RNA isolation from leaves of wild type and wmCENH3-
RFP transgenic wheat was performed by using an RNeasy Plant Mini Kit
(QIAGEN) according to the manufacturer’s instruction. The first strand cDNA
synthesis was performed using PrimeScript RT-PCR Kit (Takara). PCR amplifi-
cation was performed using primers of P5 (5-AGAGCGCTATACCGCAGAAG-3’)
and P6 (5-GGGTGCTTCACGTACACCTT-3’) for wmCEHN3-RFP gene with
the same program mentioned above. The PCR products were separated by 2%

agarose gel electrophoresis and stained with EB for visualization.

2.9. Localization of Alien CENH3 Protein by Fluorescence
Microscopy

Root tips of transgenic wheat were squashed on glass slides with cover glasses,
and examined for red or yellow fluorescence under the 100 x oil immersion ob-
jective of Leica DM5500B fluorescence microscope (Leica Microsystems). Im-
ages were captured with a Leica DFC490 digital camera and processed by Adobe
Photoshop CS software.

2.10. Immunostaining of wmCENH3-RFP in Transgenic Wheat

Root tips of wild type wheat and TO transgenic wheat lines (11-1, C2901, C3057
and C3216) were checked for the expression of wmCENH3-RFP by immunos-
taining [5] with some modifications. The root tips were treated with N,O at 1000
psi for 2 h, and fixed in 4% (v/v) paraformaldehyde in 1 x phosphate buffered
saline (PBS, 8.1 mM Na,HPO,, 1.5 mM KH,PO,, 2.7 mM KClI, 136 mM NacCl)
with 0.2% (v/v) Triton X-100 for 30 min. After being washed three times with 1
x PBS, the fixed root tips were transferred to a tube containing 20 pl enzymatic
solution [2% (w/v) Cellulase Onozuka R-10 and 1% (w/v) Pectolyase Y-23 in 1 x
PBS] in water bath at 37°C for 1 h. The digested root tips were washed three times
with 1 x PBS, broken down with a needle, and separated by vortex for 20 s. The
separated cells were pelleted by centrifugation and re-suspended in 50 puL of 1 x
PBS by vortex. A total of 10 pl of digested cells was dropped onto a Poly-L-Lysine
coated microscope slide and dried for 4 h in a water-wetted box. 10 pl of rabbit
anti-RFP antibody [diluted at 1:100 in blocking solution (5% BSA, 0.3% Triton
X-100 in PBS)] was added to slides with chromosomes of wmCENH3-RFP
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transgenic wheat. After incubated at 4°C overnight, slides were washed three
times in 1 x PBS and detected by using sheep anti-rabbit Ig-Rhodamine (Milli-
pore) secondary antibody (1:100 dilution in blocking solution). The slides were
incubated for 2 h at room temperature and washed three times in 1 x PBS,
mounted with a drop of Vectashield (Vector Laboratories) containing 1.5 pug/ml
DAPI and examined under the 100 x oil immersion objective of Leica DM5500B
fluorescence microscope. Images were captured with a Leica DFC490 digital
camera and processed with PHOTOSHOP CS software.

2.11. Establishment of Cell Suspension Culture for Wheat

Wild type or wmCENH3-RFP transgenic wheat calli were used to initiate cell
suspension cultures in 150 ml flasks containing 50 ml liquid Induction medium
or Selection medium I, respectively. Suspension cells were subcultured every 4 d
to stimulate vigorous growth until abundant, fine and white cell clusters ap-
peared in liquid medium in about 1 month. Large cell clusters were removed by
filtering through 1 mm pore sized metal sieves, and small cell clusters were kept
and subcultured every 4 d until the establishment of wheat cell suspension cul-
tures. The suspension cultures were incubated in an IS-KDD3 Table Shaker
(CRYSTAL, Product number 1109012) at 28°C in the dark with 130 rpm rotation.

2.12. Protoplast Isolation from Wheat and Maize

For isolation of wheat protoplast, a mixture of 6 ml enzyme solution [3% (w/v)
Cellulose Onozuka R-10, 1.5% (w/v) Macerozyme R-10, 0.5% (w/v) Pectolyase
Y-23, 12.8% (w/v) mannitol, 0.36% (w/v) CaCl,-2H,0, 0.11% (w/v) NaH,PO,,
0.12% (w/v) MES hydrate, pH5.6] and 6 ml P5 liquid medium (4.4 g/L MS with
vitamins, 0.5 mg/ L nicotinic acid, 0.5 mg/L pyridoxine-HCl, 9.9 mg/L thia-
mine-HCI, 1 mg/L 2, 4-D, 0.146 g/L glutamine, 0.5 g/L casein hydrolysate, 2
mg/L glycine, 90 g/L glucose, 10 g/L sucrose, pH 5.8) was added to a 50-ml flask
with about 3 g of suspension cells for digestion in an incubator shaker at 30°C in
darkness for 16 h or overnight with 45 rpm rotation. After enzymatic digestion,
cells were passed through 250 um and 45 pm sterile metal-mesh sieves, collected
in a 15-ml centrifuge tube, and centrifuged at 100 g for 5 min. Supernatant was
removed with Pasteur pipettes and protoplast pellets were re-suspended in 6 ml
CPW 25S [250 g/L sucrose in CPW buffer (27.2 mg/L KH,PO,, 100 mg/L KNO,,
250 mg/L MgSO,7H,0, 150 mg/L CaCl,-2H,0, 0.2 mg/L KI, 0.0025 mg/L Cu-
SO,5H,0, pH 5.8)] solution by carefully bubbling. 2 ml CPW13M (130 g/L
mannitol in CPW buffer) solution was added gently to the tube to avoid break-
ing the sucrose layer, centrifuged at 100 g for 5 min, and then carefully trans-
ferred protoplast band between sucrose and mannitol layers to a new 15-ml cen-
trifuge tube. Protoplasts were re-suspended in 13 ml P5 liquid medium with
Pasteur pipettes and centrifuged at 100 g for 5 min. The wheat protoplasts were
washed two more times with P5 medium, and re-suspended in 10 volumes of P5

medium for protoplast fusion.
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To isolate maize protoplasts, young leaves of ZmCENH3-YFP transgenic ma-
ize seedlings were surface-sterilized by 0.625% (w/v) sodium hypochlorite for 10
min, followed by being washed with 70% (v/v) ethanol for 30 s, and then rinsed
3 times with sterilized Milli-Q H,O. Sterilized leaves were cut into 0.5 mm seg-
ments [35] and transferred to a flask with 12 ml enzyme solution containing 2%
(w/v) Cellulose Onozuka R-10, 0.1% (w/v) Pectolyase Y-23 dissolved in MaCa
solution (0.2 M mannitol and 80 mM CacCl,) [36]. After vacuumed for 15 min,
the flasks were wrapped with aluminum foil and placed on an incubator shaker
with 45 rpm rotation at 30°C in the dark for 4 h. After filtration through 250 um
and 45 pm sieves, maize mesophyll protoplasts were transferred to a 15-ml cen-
trifuge tube, washed twice with MaCa solution, and re-suspended in 10 volumes
of P5 liquid medium.

The qualities of wheat and maize protoplasts were checked under bright field
inverted microscope (Nikon, TE300) immediately after isolation and images
were captured with a digital camera (V-Tphoto adapter Nikon MBB74700).

2.13. Symmetric Hybridization between Wheat and Maize

The protoplast fusion between wmCENH3-RFP transgenic wheat line C3216
and ZmCENH3-YFP transgenic maize was performed by PEG-mediated somatic
hybridization [25] [37] [38]. After re-suspending wheat and maize pellets in P5
medium, wheat and maize protoplasts were mixed together at a ratio of 1:1 (v/v)
in a 15-ml centrifuge tube. Four drops of protoplasts mixture were added to the
center of a 30 x 10 mm Petri dish for fusion. Two drops of 40% (w/v) PEG
were added to the center of protoplast mixture and the fusion lasted for 15
min. After 15-min fusion, 2 drops of the mixture of fusion solution A and B at
a ratio of 9:1 (v/v) were added to the opposite side of protoplast mixture to
enhance fusion efficiency, and incubated for 15 min. Then 12 drops of P5 me-
dium were added around protoplast mixture to wash the protoplasts for 10
min. P5 medium was gently removed without disturbing the protoplasts. The
protoplasts were washed 2 more times with P5 medium for 15 min each time.
Ten drops of P5 medium were added to the top of fusion products. The plates
were sealed and cultured at 28°C in the dark. Fusion products were checked
under bright field of inverted microscope (Nikon, TE300) during culture period
and images were captured with a digital camera (V-Tphoto adapter Nikon
MBB74700).

2.14. Cytological Analysis of Cell or Cell Clusters
from Protoplast Fusion

The cell cultures from the fusion protoplasts of wheat and maize were fixed at 7,
14 and 28 d after fusion with Carnoy’s fixative solution [39]. To fix the cells, P5
liquid medium in the plate was removed, and the cells were rinsed gently (not to
disturb cells) 3 times with sterile Milli-Q H,O. Carnoy’s fixative solution was

added to cells in the plates to fix at room temperature for 3 h. The fixed cells
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were stored in 70% (v/v) ethanol at 4°C in the dark until using.

Fixed cells were spread on slides by squash method [40]. They were removed
from 70% (v/v) ethanol, rinsed 3 times with sterile Milli-Q H,O, and stained
with a drop of 2% Aceto-Orcein. Then 5 pL cells were loaded to an ethanol
washed slide, covered with a cover glass, and separated by gently knocking cover
glass with the round end of a dissecting needle. A blotting paper was placed over
the slide and squashed upright with thumb. Cells were observed under 20 x ob-
jective of Nikon light microscope (E80i), and images were captured with a digital
camera (RTKE SPOT).

2.15. FISH Analysis of Cell or Cell Clusters from Somatic
Hybridization

The maize B repeat sequence [41] was found to specifically hybridize to the sub-
telomeres of wheat chromosomes (Supplementary Figure S1), thus was used to
visualize wheat chromosomes in this study. Maize CentC [42] and B repeat se-
quences were amplified by PCR. The amplified CentC and B repeat DNAs were
labeled with Chroma Tide Alexa Fluor 488-5-dUTP and Chroma Tide Alexa
Fluor 594-5-dUTP (Invitrogen) respectively, by nick translation [43] [44].

FISH analysis of fixed cell or cell clusters from protoplast fusion were per-
formed according to previous methods [44] [45] with some modifications. Fixed
cell or cell clusters were removed from 70% (v/v) ethanol, rinsed 3 times with
sterile Milli-Q H,O, transferred to enzyme solution [1% (w/v) Pectolyase Y-23,
2% (w/v) Cellulase R-10], kept on the ice for 10 min, and then incubated at 37°C
in water bath for 1 h. The digested cells were washed twice with 70% (v/v) ethanol to
remove enzyme solution, broken down with a needle, and separated by vortex for 20
s. The separated cells were pelleted by centrifugation and re-suspended in 50 pL
100% acetic acid by vortexing. Then 5 pL cells were dropped onto a glass slide
inside a water-wetted box to let the nuclei/chromosomes spread and dry on the
slide surface. The slide was crosslinked with 0.1 J UV light. A mixture of maize
CentC and B repeat probes containing 100 ng labeled DNA each were added to
each slide. The slide with probes was denatured in a metal box in boiling water
for 5 min, and hybridized at 55°C overnight in the dark. After hybridization,
slides were washed with 2 x SSC at room temperature for 5 min, followed by
20-min washing with 2 x SSC at 55°C. Nuclei/chromosomes were stained with
10 uL mounting medium with DAPI (Vectashield, H-1200), and observed under
the 100 x oil immersion objective of Leica DM5500B fluorescence microscope
(Leica Microsystems). Images were captured with a Leica DFC490 digital camera
and processed by Adobe Photoshop CS software.

2.16. Immunostaining of CENH3 in Somatic Hybridized Cells

High-frequency chromosome elimination usually occurs during the 10 - 14 d af-
ter protoplast fusion [46]. To analyze the CENH3 behavior during chromosome
elimination of wmCENH3-RFP transgenic wheat/ZmCENH3-YFP transgenic
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maize somatic hybrids, cell or cell clusters were sampled 11 - 14 d after protop-
last fusion and the localizations of wmCENH3-RFP and ZmCENH3-YFP were
analyzed by immunostaining. Cultured cells in microplates were collected in a
2-ml tube by centrifugation at 2000 g for 5 min. After 30-min fixation in 4%
(v/v) paraformaldehyde in fresh full-strength PBS, cells were collected by cen-
trifugation at 2000 g for 5 min and washed with 1 x PBS containing 0.2% (v/v)
Triton X-100. The fixed cells were digested in 20 pl of enzyme solution contain-
ing 2% (w/v) Cellulase Onozuka R-10, 1% (w/v) Pectolyase Y-23 in 1 x PBS at
37°C for 30 min. Digested cells were vortexed at low speed for about 20 s, cen-
trifuged with a mini-centrifuge at 1500 g for 20 s, washed 3 times with 200 pl 1 x
PBS and re-suspended in a final volume of 15 pl 1 x PBS. A total of 10 pl of di-
gested cells was dropped onto a Poly-L-Lysine coated microscope slide and dried
for 4 h in a water-wetted box. The wnCENH3-RFP and ZmCENH3-YFP pro-
teins were detected with rabbit anti-RFP and mouse anti-GFP primary antibo-
dies followed by sheep anti-rabbit Ig-Rhodamine (Millipore) secondary antibody
(1:100 dilution in blocking solution) and FITC anti-mouse secondary antibody
(Santa Cruz Biotechnology; 1:100 dilution in blocking solution), respectively.
The slides were incubated for 2 h at room temperature, washed 3 times in 1 x
PBS, mounted with a drop of Vectashield (Vector Laboratories) containing 1.5
pug/ml DAPI, and examined under the 100x oil immersion objective of Leica
Leica DM5500B fluorescence microscope. Images were captured with a Leica
DFC490 digital camera and processed with PHOTOSHOP CS software.

3. Results

3.1. Sequence Analysis of Wheat and Maize CENH3 and the Design
of a Synthetic wmCENH3

Sequence alignment of wheat, maize and rice CENH3 proteins were performed
(Figure 2(A)). The result showed conserved and diverged regions among the
CENH3 proteins. The N-terminal regions were highly diverged among the CENH3
proteins, whereas the HFDs including aN-helix, al-helix, Loop 1, a2-helix, Loop2
and a3-helix were relatively conserved.

The large divergence between wheat and maize CENH3 proteins (74% simi-
larity) could be a factor for the suppression of ZmCENH3 expression in trans-
genic wheat [27]. To reduce the difference between transgenic CENH3 and the
endogenous TaCENHS3, a synthetic wmCENH3 gene was designed to have the
N-terminus of TaCENH3 before the loop 1 domain, and the C-terminus of
ZmCENHS3 after loop 1 (Figure 2(B)). The synthetic wmCENH3 protein had 95%
similarity to the TaCENH3. An RFPtag was fused in frame to the C-terminus of the
synthetic wmCENH3 gene to trace the behavior of the wmCENH3 in transgenic
plants.

3.2. Biolistic Transformation of Wheat and Plant Regeneration

Wheat plants were grown in Plant Growth Chamber and 3900 immature embryos
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Figure 2. Alignment of CENH3s from wheat (TaCENH3), maize (ZmCENH3), rice (OsCENH3), the synthetic wmCENH3, and a
rice canonical histone H3 (OsHistoneH3) (A) and the schematic diagram of the synthetic wmCENH3-RFP fusion protein (B). The
conserved aN, al, a2 and a3 helix domains are boxed. The two loop regions (Loop 1 and Loop 2) are indicated. The synthetic
wmCENH3-RFP is a fusion protein composed of N-terminal region of wheat CENH3 (TaCENH3) before Loopl, the C-terminal
region of maize CENH3 (ZmCENHS3) after Loopl, and a red fluorescence protein (RFP) tag fused in frame to the C-terminus of
the wmCENH3 protein.

were collected aseptically, placed on Induction medium for 2 weeks for callus in-

itiation (Figure 3(A)), and transformed by particle bombardment. Transformed

calli were transferred to Selection medium supplemented with 5 mg/L Bialaphos

and cultured at 25°C without light. The calli were subcultured every 3 - 4 weeks

under selection conditions until resistant calli emerged. During Bialaphos selec-

tion, untransformed calli did not turn dark or brown, but they just grew slowly

as compared with transformed ones. After several rounds of Bialaphos selection,

fast growing calli (Figure 3(B) and Figure 3(C)) were transferred to Regenera-

tion medium, and cultured at 25°C with 16 h photoperiod until plantlets rege-

nerated (Figure 3(D)).
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Figure 3. Genetic transformation and regeneration of transgenic wheat. (A) Wild type (WT)

wheat calli induced from immature embryos; (B) Transformed wheat calli on Selection me-
dium; (C) Resistant wheat calli on Regeneration medium; (D) Plantlets regenerated from re-
sistant calli; (E) wmCENH3-RFP transgenic wheat plants. Scale bars = 0.5 cm for ((A)-(D))
and 4 cm for (E).

GUS staining was performed for fast growing callus lines C2901, C3057, C3216,
C3455 and C3684 transformed with pCAMBIA3301-wmCENH3-RFP. The result
suggested that not all cells in the calli expressed the transgene (Supplementary
Figure S2). Thus, PCR screenings with specific primers for wmCENH3-RFP,
ZmCNEH3-YFP and Bar genes were performed with genomic DNAs from
leaves of 182 regenerated wheat plantlets and the predicted sizes of PCR prod-
ucts were 399 bp for wmCENH3-RFP, 474 bp for ZmCENH3-YFP and 452 bp
for Bar gene, respectively. Totally 109 transgenic events were identified, including 91
events with Bar gene only (82 events from pCAMBIA3301-wmCENH3-RFP trans-
formation and 9 events from pTF101-ZmCENH3-YFP transformation), 16
events with wmCENH3-RFP (3 events with wmCEHN3-RFP only and 13 events
with wmCENH3-RFP + Bar) and 2 events with ZmCENH3-YFP (1 event with
ZmCENH3-YFP only and 1 event with ZmCENH3-YFP + Bar). Transformation
efficiency was 2.69% for Bar gene, 0.65% for wmCENH3-RFP, and 0.13% for
ZmCENH3-YFP. More Bar gene was integrated into wheat genome than both
alien CNEH3 genes although the Bar gene was located on the same construct
with either wmCENH3-RFP or ZmCENH3-YFP. Transgenic plants were grown
in growth chamber and self-pollinated to produce seeds (Figure 3(E)).
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3.3. Southern Blot and RT-PCR Analysis for Transgenic Wheat

Southern blot with the DIG-labeled Bar gene was performed in TO transgenic
plants. The results showed wmCENH3-RFP construct was successfully inte-
grated into the genome of TO transgenic wheat lines of 11-1, C2901, C3057 and
C3216. The copy numbers of the transgene were one for 11-1 and C3057 events,
two for C2901 event, and four for C3216 event (Figure 4).

To analyze wmCNEH3-RFP gene expression in transgenic wheat, RT-PCR
was performed with wild type wheat and transgenic events 11-1, C2901, C3057
and C3216. PCR primers were designed to detect a 399 bp product from the
wmCENH3-RFP gene if it was expressed by RT-PCR. A 399 bp wmCENH3-RFP
gene product was detected in the four transgenic wheat lines of 11-1, C2901,
C3057 and C3216, but no product was detected in the WT wheat (Figure 5(A)).

3.4. Localization of Ectopically Expressed CENH3

The expression of fluorescence protein tagged CENH3 proteins were analyzed
under a fluorescence microscope in root tips of regenerated transgenic plants.
Dotted RFP signals were observed in the nuclei of root tip cells of wmCENH3-RFP
transgenic plants (Supplementary Figure S3), suggesting that the wmCENH3-RFP
was targeted to functional wheat centromeres. In contrast, fluorescence protein
was not observed in the two transgenic plants with the ZmCENH3-YFP gene,
being consistent with the previous report by Chen et al. [27]. This evidence in-
dicated the suppression of ZmCENH3 gene expression in transgenic wheat.

The wmCENH3-RFP fusion protein was further detected by immunostaining
with an antibody to the RFP tag at the C-terminus (Figure 5(B)). The expressed

wmCENH3-RFP protein was detected in the nucleus of transgenic wheat in a
1 2 3 4 5 6
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Figure 4. Southern blot of wmCENH3 transgenic wheat events. Genomic DNAs from T0
transgenic wheat lines C3216 (lane 2), C3057 (lane 3), C2901 (lane 4) and 11-1 (lane 5)
were digested with EcoRI. EcoRI-digested pCAMBIA3301 (lane 1) and genomic DNAs
from wild type (WT) wheat plants (lane 6) were used as a positive and a negative controls,
respectively. The Southern blot was hybridized with digoxygenin (DIG)-labeled probe of
the Bar gene. DNA molecular markers were indicated at the left side.
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Figure 5. Expression of wmCENH3-RFP gene in transgenic wheat. (A) RT-PCR of
transgenic wheat events. Lane 1, molecular marker; lane 2, pCAMBIA3301 plasmid DNA
as positive control; lane 3, nontransgenic wheat as negative control; lane 4 - 7, TO trans-
genic lines 11-1, C2901, C3057 and C3216. (B) wmCENH3-RFP proteins in the nuclei of
transgenic wheat events analyzed by immunostaining. (B1)-(B3), wild type (WT) wheat;
(B4)-(B6), transgenic event 11-1; (B7)-(B9), transgenic event C2901; (B10)-(B12), trans-
genic event C3057; and (B13)-(B15), transgenic event C3216. DAPI-stained nuclei of WT,
11-1, C2901, C3057 and C3216 wheat lines, signals of immunostaining of wnCENH3-RFP
proteins in the nuclei and merged images were shown in the left, middle and right panels,
respectively. Scale bar = 5 pm.
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dotted pattern (Figure 5(B)), similar to the centromere localizations detected by
direct observation of RFP fluorescence protein tag signals (Supplementary Fig-
ure S3).

3.5. Symmetric Hybridization of Transgenic Wheat and Maize

Cell suspension cultures for WT wheat and wmCENH3-RFP transgenic wheat
lines, 11-1, C2901, C3057, and C3216 were established. There was no significant
difference in growth performance between WT and four wmCENH3-RFP trans-
genic wheat cell suspension cultures (Supplementary Figure S4 and Supplemen-
tary Figure S5). WT and one of the transgenic line C3216 cultured cells were used
for protoplast isolation and somatic hybridization to maize protoplasts.

Spherical protoplasts were isolated from WT and C3216 wheat suspension
culture and maize young leaves (Supplementary Figure S6(A) and Figure
S6(B)). About equal amount of isolated wheat and maize protoplasts were mixed
and cell fusions were induced by PEG. Fused protoplasts were cultured in mi-
croplates with P5 medium at a density of 1 - 5 x 10° protoplasts per ml. The oc-
currence of hybridization was confirmed by checking the hybridization products
with inverted microscope at 1 - 2 d after fusion (Supplementary Figure S6(C)).
The growth of fused cells at early stage after fusion was observed by an inverted

microscope (Supplementary Figure S6(D)).

3.6. Cytological Examinations of Somatic Hybrids

Aceto-orcein staining analysis was performed to investigate chromosome behaviors
during mitosis in somatic hybrids. Abnormal chromosomes behaviors such as mi-
cronuclear, asynchronous nucleus formation, lagging chromatin or chromosomes
were observed in somatic hybrids from non-transgenic wheat/ZmCENH3-YFP
transgenic maize and wmCENH3-RFP transgenic wheat/ ZmCENH3 - YFP trans-
genic maize, respectively (Figure 6). In somatic hybrids of both hybridizations,
micronuclear formation could be observed frequently in both single cells and di-
viding cells. Micronuclei occurred during the whole process of mitosis, including
interphase (Figure 6(A1) and Figure 6(B1)), telophase, and cytokinesis (Figures
6(A3)-(A5) and Figures 6(B2)-(B4)). Lagging chromosomes occurred at ana-
phase or lagging chromatin in the cleavage furrow (Figure 6(A5) and Figure
6(B5)), asynchronous nucleus formation as loose chromatin and condensed
chromatin (Figure 6(A6)), asynchronous cell cycle as metaphase and interphase
occurred simultaneously (Figure 6(B5)) in the dividing cell, and also asyn-
chronous mitosis (Figure 6(A2) and Figure 6(B2)). These results demonstrated
that frequently abnormal chromosome behaviors might occur at early stage of
somatic hybrid development and the synthetic wmCENH3 could not eliminate
the abnormal chromosome behaviors in the somatic hybrid cells.

A FISH analysis was performed in somatic hybrid cells with maize CentC and
B-repeat probes to detect maize and wheat chromosomes, respectively. Maize

CentC probe specifically hybridized to the centromere regions of maize chromosomes
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Figure 6. Cytological analyses of somatic hybrids by Aceto-orcein staining. (A1)-(A6) Micronuclei (white
arrows showed in (Al), (A3), (A4), and (A5)) and asynchronous nucleus formation ((A2), and (A6)) ob-
served in the somatic hybrid of non-transgenic wheat x ZmCENH3YFP maize mesophyll protoplast.
(B1)-(B5) Micronuclei (white arrows showed in B1-B4), asynchronous nucleus formation (white arrows
showed in (B5)), and lagging chromatin (green arrow showed in (B5)) observed in the somatic hybrid of
non-transgenic wheat x maize mesophyll protoplasts. (C1)-(C4) Micronuclei (white arrows showed in the
same cell C1 and C2 at different focus levels) and also in (C3), and asynchronous nucleus formation (C4)
observed in the fusion protoplasts of transgenic wheat C3057 and ZmCENH3YFP maize mesophyll
(D1)-(D3) Micronuclei (white arrows showed in D1) and asynchronous nucleus formation ((D2) and (D3))
observed in the fusion protoplasts of transgenic wheat C3216 and maize mesophyll protoplasts. Scale bars =
10 um.

[42]. The maize B-repeat probe that hybridizes specifically to maize B chromo-
somes was found to hybridize strongly to the sub-telomere regions of wheat
chromosomes (Supplementary Figure S1). Thus, a mixture of maize CentC and B
repeat probes was used to distinguish wheat and maize chromosomes in somatic
hybrids of wheat/maize and to investigate the chromosome components in somat-
ic hybrids. In the dividing cells of both non-transgenic and transgenic wheat/maize
somatic hybrids, maize chromosome components could only be detected in
newly fused cells or unfused maize cells (Figure 7(C) and Figure 7(D)), but
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Figure 7. FISH analysis of wheat X maize somatic hybrids. (A)-(B) dividing cells in so-
matic hybrids of non-transgenic wheat x ZmCENH3-YFP maize mesophyll protoplast.
(C)-(H) dividing cells in somatic hybrids of transgenic wheat C3216 x ZmCENH3-YFP
maize mesophyll protoplast. (C) newly fused cells, (D) unfused maize cells, (E) somatic
hybrid cells at second cell division, (F)-(H) multiple cell clusters. Scale bars = 5 pm.
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could not be detected in the divided cells and microcell clusters (Figure 7(A),
Figure 7(B), Figure 7(F), Figure 7(G) & Figure 7(H)). The elimination of ma-
ize chromosomes was observed in the second cell division of somatic hybrids
(Figure 7(E)).

3.7. CENH3 Behavior in Somatic Hybrids

The wmCNEH3 and ZmCENH3 proteins in somatic hybrid cells were investi-
gated by immunostaining analysis during 11 - 14 d after fusion. Both RFP and
YFP signals were observed in the nuclei of somatic hybrid cells as diffused pat-
terns (Figure 8), which was different from the dotted pattern observed before
protoplast fusion (Figure 5(B) and Supplementary Figure S7). Fragments of
chromatin were observed near the cell plate at anaphase of cell division, while
the majority had moved to the polar regions. The loss of chromatin fragments
was also reported in other somatic hybridization systems, which were considered

as lost chromosome fragments [25] [46].

4. Discussions

4.1. Fragmentation of Transformed DNAs

Genetic transformation by particle bombardment usually produces complex trans-
gene loci with multiple copies, truncated, rearranged sequences interspersed
with genomic DNA fragments [47] [48]. In this research, we observed only 14
out of 109 transgenic wheat plants (12.84%) that had full length DNA fragments,

and most of the transgenic events had fragmented transgenes, indicating the

B1 B3
O O

Figure 8. Detection of CENH3 behavior in somatic hybrid cells of wmCENH3-RFP transgenic wheat
x ZmCENH3-YFP transgenic maize. wnCENH3-RFP and ZmCENH3-YFP proteins in the nuclei of
somatic hybrids were immunostained with a rabbit-derive primary antibody to the red fluorescence

protein (RFP) and a mouse-derived primary antibody to the yellow fluorescence protein (YFP), respec-
tively, and detected by anti-rabbit rhodamine and FITC conjugated anti-mouse secondary antibodies.
Nuclei from an interphase cell ((A1)-(A4)) and a telophase cell ((B1)-(B4)) were presented as DAPI
stained nuclei ((Al) and (B1)), ZmCENH3 ((A2) and (B2)), wmCENH3 ((A3) and (B3)), and merged
images ((A4) and (B4)). Inlets show chromatin loss at cell divisions ((B1)-(B4)). Scale bars = 5 pm.
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fragmentation and rearrangement of transformed DNAs. The high frequent
fragmentation of transgenes and nonrandomized transformation could be mainly
caused by the following factors. First, plasmid DNAs might be vulnerable to
shearing during gold particle coating. Plasmid DNAs were coated to golden par-
ticles in biolistic transformation. The frequent vortexing, precipitation and cen-
trifugation during coating may mechanically shear the plasmid DNA and pro-
duce fragmented DNAs before transformation. Second, high velocity particle
bombardment could be another factor to produce DNA fragmentation. High-
speed gold particles during bombardment could create double strand breaks
(DSBs) on genomic DNA that initiate the transgene integration, and at the same
time, they could also create fragmentation of delivered DNAs on gold particle.
Third, foreign DNA integration into the genome is an enzymatic reaction. For-
eign DNAs are integrated as DSBs by endogenous DNA repair system, which re-
lies mainly on the non-homologous end joining (NHE]) system in plants. The
binding of DSBs by KU70 - KU80 complex protects the broken DNA ends from
degradation by exonuclease, but allows DNA end processing factors to modify
the DSBs to produce DNA ends suitable for ligation by the DNA ligases [49].
Major or minor chromosome rearrangements could occur to separate or change
the position of alien DNA elements [32] [47]. Southern blot and FISH analysis of
transgene loci in transgenic hexaploid oat revealed that transgene integration
was associated with chromosomal breakage and rearrangements [50], and more
complex transgene integration loci and configuration could be induced through

the minor rearrangements and undesirable plasmids backbone vector.

4.2. Biased Transformation and Recovery of Transgenic Wheat
with CENH3 Transgenes

In this study we observed significantly more transgenic events with Bar gene
only (83.5%) than those with either ZmCENH3 or wmCENH3 genes (16.5%),
although the Bar gene was on the same constructs. The bias against CENH3
transgene indicates that the transformation might be not random. Two reasons
may contribute to the biased transformation. First, transgenic plants were se-
lected on culture medium supplemented with Bialaphos, which is an herbicide
that can be detoxified by phosphinothricin acetyltransferase encoded by the Bar
gene. This selection would not allow the growth and regeneration of transgenic
events without a functional Bar gene expression system, and thus kill most of the
transgenic plants with ZmCENH3 or wmCENH3 only. However, the short selec-
tion on this medium during the genetic transformation would allow a few trans-
genic plants without the Bar gene to escape the selection, and thus one plant
with the ZmCENH3 gene only and 3 plants with the wmCENHS3 gene only were
recovered. In addition, there might be a competition between endogenous CENH3
and the ectopically expressed ones, which might be toxic or malfunctional when
deposited in the centromeres. Two transgenic events (C1479 and #52) were iden-

tified when maize full length CENH3 gene tagged with YFP was transformed to
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wheat callus by PCR in TO generation. But no YFP signals were observed in the
root tips of these two events under fluorescence microscope. Similar results have
been reported by Chen et al. [27], who observed the competition and suppres-
sion of ZmCENH3 transcription by endogenous wheat TaCENH3. The trans-
genic ZmCENH3 can be weakly transcribed and the ZmCENH3-YFP protein is
not observed by both western and immunostaining analyses, whereas the expres-
sion of endogenous 7aCENHS3 is up-regulated in transgenic wheat [27]. In con-
trast, we observed higher transformation efficiency with the synthetic wmCENH3
gene (0.65%) than the ZmCENH3 construct (0.13%), and the expression of
wmCENH3 was successful in transgenic wheat.

The difference between the two transgenes is the overall sequence similarity to
wheat TaCENH3 and the N-terminal part of CENH3 proteins that is highly va-
riable and critical for kinetichore assembly. In Arabidopsis, the N-terminal part
of AtCENHS3 is required for its loading to centromeres during meiosis and mito-
sis [51], and the divergence of the N-terminal tail could cause chromosome mis-
segregation and genome elimination in hybrids between wild type plants and
engineered Arabidopsis that expressed a chimeric CENH3 [3]. In addition, high
sequence similarity to endogenous CENH3 protein has been reported to be re-
quired for heterologeous CENH3 recognition in A. thaliana centromeres [51],
although there are other reports wherein the highly diverged maize ZmCENH3
localized in A. thaliana [3] [52]. The missegregation and chromosome elimina-
tion are positively related to the degree of CENH3 divergence. Crosses between
wild type and Arabidopsis cenh3 mutants that express the maize ZmCENH3 can
produce more missegregation and haploids than those crosses with Arabidopsis
cenh3 mutants that express CENH3 from a closely related L. oleraceum species
[52]. Alignment of maize and wheat CENH3s demonstrates that the full length
proteins are 74% similarity. The similarities are 60% in the N-terminal part be-
fore Loop 1 and 92% in the C-terminal part after Loop 1, respectively. The do-
main swap between wheat TaCENH3 and maize ZmCENH3 resulted in a fusion
protein with the N-terminal tail from TaCENHS3, and the overall protein simi-
larity between the synthetic wmCENH3 and wheat TaCENH3 was increased to
95% (Figure 2(A)). The relatively low frequency in obtaining transgenic wheat
with the full length maize ZmCENH3 gene may suggest that transgenic plant
with this transgene might have detrimental effect on the growth and develop-
ment of transgenic events. We argue that the suppression of ZmCENH3 gene
expression observed by us and Chen ef al. [27] could in part reduce the detri-
mental effects on transgenic wheat, which can be ameliorated by the chimeric
CENH3 with a wheat N-terminal tail, and the increased sequence similarity to
wheat CENH3. Thus, the higher transformation efficiency with the synthetic
wmCENH3 gene than the ZmCENH3 construct, and the successful expression
and localization of wmCENH3 might be attributed to less competition between
endogenous CENH3 and the ectopically expressed ones in transgenic wheat, al-

though the endogenous TaCENH3 expression was not determined in this re-

DOI: 10.4236/as.2019.107075

1005 Agricultural Sciences


https://doi.org/10.4236/as.2019.107075

X.Y.Yangetal.

search.

4.3. Ectopically Expressed wmCENH3 in Wheat/Maize Somatic
Hybridization

Abnormal chromosome behaviors were observed frequently in the somatic hy-
brids, indicating the occurrence of chromosome elimination. Cytological studies
of these somatic hybrids revealed various abnormal chromosome behaviors such
as micronuclei, asynchronous cell cycle, and chromosome lagging (Figure 6).
Previous studies demonstrate that maize chromosomes without spindle micro-
tubule attachment are stayed or delayed in the metaphase plate during first mi-
tosis of zygotic hybrids of wheat/maize [26], and maize chromosomes could be
gradually eliminated from the hybrids in several cell cycles [24].

Many evidences show that chromosome elimination is related to the loss or
malfunction of CENH3 [2] [3] [4] [5] [52]. By analyzing CENH3 behavior in early
somatic hybrids between transgenic wheat with a synthetic wmCENH3-RFP and
transgenic maize with the ZmCENH3-YFP, we could detect the change of the
CENH3 localization patterns from the normally dotted centromere localization
to a diffused pattern in the whole nuclear chromatins (Figure 8).

Eukaryotic chromosomes can have three types of centromeres including point
centromeres, monocentromeres and holocentromeres [53]. As a centromere
marker, CNEH3 protein is mainly deposited to the active centromeres, and its
distribution can vary depending on the type of centromeres. CENH3 on mono-
centric or point centromeres is usually observed as dotted patterns. In contrast,
CENH3 is almost evenly distributed on the whole holocentric chromosomes.
Wheat and maize have monocentric chromosomes and thus their CENH3 loca-
lization usually displays a dotted pattern in the nuclei. The heterogeneous ex-
pression of wmCENH3-RFP in wheat also displayed a dotted pattern (Figure
5(B)), indicating that this heterogeneous CENH3 might be incorporated into
wheat centromeres. Similar results have also been reported in heterogeneous ex-
pressions of CENH3s from A. Iyrata, A. arenosa, Capsella bursa-pastoris, Zea
mays, Nicotiana tabacum, and L. oleraceum in A. thaliana [3] [51] [52] [54], as
well as A. thaliana AtCENH3 in tobacco BY-2 cells [54]. Our observation of
mislocalization of both ZmCENH3-YFP and wmCENH3-RFP in wheat/maize
somatic hybrids may suggest a mechanism of centromere inactivation in somatic

hybrids, which could be responsible for chromosome elimination partially.
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Supplementary Figures

Figure S1. FISH analysis of the maize B-repeat to chromosomes of an aneuploid wheat cell line. Maize B-repeat probe was labeled
with Chroma Tide Alexa Fluor 594-5-dUTP (Invitrogen). White arrows point to hybridization signals in subtelomere regions of
wheat chromosomes. Scale bars = 5 pm.
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Figure S2. GUS staining of wild type (WT) and T0 generation transgenic wheat calli. Six transgenic events (C3455, C3057, C2901,
C3216, null and C3684) were shown to have different proportions of cells were transformed. Scale bars = 0.5 cm.
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Figure S3. RFP signals in root tips of transgenic wheat plants. (A) TO generation of transgenic wheat plant C3541; (B) (C) T1 gen-
eration of transgenic wheat plant C3541; (D) TO generation of transgenic wheat plant #43. Scale bars = 5 um in (A), (C), and (D),
10 um in (B).
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Figure S4. Cell suspension cultures of wild type (WT) and transgenic wheat. (A1-A3), wild type, (B1-B3) transgenic wheat lines
11-1, (C1-C3), C2901, (D1-D3), C3057 and (E1-E3), C3216. The calli for initiating suspension cultures (A1-E1), suspension cul-
tures (A2-E2), and cell clusters in suspension cultures (A3-E3) were shown in the left, middle and right panels. WT cultures were
grown in wheat induction media, cultures of transgenic wheat were grown in selection media. Cell clusters (A3-E3) in suspension
cultures were examined and images were captured under inverted microscope. Scale bar = 100 um.
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Figure S5. Growth curve of suspension cultures. (A) Wild type (WT), (B) wmCENH3-RFP transgenic wheat line 11-1, (C) C2901,
(D) C3057 and (E) C3216. Fresh weight of suspension cells of WT, 11-1, C2901, C3057 and C3216 were measured at 0, 4, 8, 12, 16,
20, and 24 d after treatment. The relative fresh weights (RFWs) of the five suspension lines were calculated based on the formula
in the section of Materials and Methods and fitted to the DoseResp Model using an OriginPro8 software. Vertical bar represents
standard errors (n = 3).
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Figure S6. Wheat x maize somatic hybridization. (A) Protoplasts isolated from suspension cell of a wmCENH3-RFP transgenic
wheat line C3216. (B) Protoplasts isolated from leaf mesophyll cells of ZmCENH3-YFP transgenic maize seedlings. (C) Fusion
cells of wheat x maize observed at 1-2 d after fusion (DAF). (D) The growth of hybrid cells at 10 DAF (D1), 20 DAF (D2) and 30

DAF (D3). Scale bar = 20 pm.

Al

Figure S7. Detection of ZmCENH3-YFP with a green fluorescence protein (GFP) antibody in nuclei of ZmCENH3-YFP maize.
(A1-B1) DAPI-stained nuclei from wild type (WT) and ZmCENH3-YFP transformed maize. (A2-B2) The immunostaining of
ZmCENH3-YFP proteins in the nuclei from WT and ZmCENH3-YFP maize by rabbit anti-GFP primary antibody and FITC an-
ti-rabbit secondary antibody. (A3-B3) Merged images of DAPI stained nuclei and ZmCENH3-YFP protein detected by immunos-

taining analysis. WT wheat was used as a negative control. Scale bar = 5 um.
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