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Abstract

Transgenesis through biolistic of immature embryos is the most convenient way to introduce artificially new genes in bread
wheat (Triticum aestivum L.). However, only a few genotypes can be efficiently transformed. To improve the transformation
of wheat varieties, we stored immature seeds at room temperature or 4 °C during 4 or 7 days and extracted immature embryos
prior to transformation. Shelling stops the embryo’s growth and almost all the embryos formed a callus on selective media
when stored at 4 °C for 4 or 7 days (respectively 87% and 99%). We also used hybrid immature embryos derived from a cross
between a transformable line (Courtot) and a non-transformable line (Chinese Spring) for biolistic transformation. Hybrid
embryos showed the same response to biolistic than the responsive parent. All together, these results improve significantly
the biolistic protocol for wheat transformation by reducing the number of mother plants in the greenhouse, and improve the
transformation of additional genotypes through hybrid transformation.
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Introduction

Bread wheat (Triticum aestivum L.; 2n=6x=42; AABBDD)
is one of the most cultivated crops in the world and rep-
resents almost 20% of protein sources for human nutri-
tion (FAO STAT). To face the increase in world popula-
tion, the improvement of bread wheat performances is a
major agricultural challenge, especially within the context
of sustainable agriculture with reduced uses of fertiliz-
ers, water and pesticides. One way to face this challenge
is to use the huge reservoir of the exotic or related genetic
resources to find new original and powerful alleles for the
genes of agronomical interest. These new alleles can then
be introduced into elite material through classical crosses
and recombination between the appropriate segments of the
genome. However, the frequency of meiotic recombination
in wheat is low (average 0.2 cM/Mb; Choulet et al. 2014)
and almost restricted to ~20% of the distal regions of the
chromosomes (Saintenac et al. 2009; Darrier et al. 2017).
As a consequence, low recombination rate results in massive
undesirable linkage drag, if ones wish to introduce, in elite
material, the desirable new alleles originating from exotic
cultivars or wild species. To avoid this drawback, new alleles
can be introduced through genetic transformation and/or
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genome-editing biotechnologies (Jones 2005; Wang et al.
2014; Zong et al. 2017; Kim et al. 2018; Liang et al. 2018;
Sanchez-Le6n et al. 2018).

Agrobacterium mediated transformation (Cheng et al.
1997; Carlos Popelka and Altpeter 2003; Przetakiewicz et al.
2004) and Biolistic® (Vasil et al. 1992; Wang et al. 2014)
are successfully used for transformation of a wide range of
European (Rasco-Gaunt et al. 2001) and Chinese (Zhang
et al. 2015) elite varieties. The performance of Biolistic (or
particle bombardment) mainly limited by the lack of plant
regeneration depends on several factors: particle type, size,
quantity and projection speed, the amount, structure and
quality of DNA but also on the tissue type and pretreat-
ment (for review see Altpeter et al. 2016). Traditionally,
tissues with totipotent cells (callus, somatic embryos, etc.)
and treated with growth regulators (auxins and cytokinins)
are best transformed. Stresses of different nature (dark,
protoplasting) also seems to play an important role in plant
regeneration (Florentin et al. 2013; Fehér 2015; Grafi and
Barak 2015).

Even though biolistic has been improved and made flex-
ible, some wheat genotypes remain difficult to transform
(recalcitrant) whereas others are responsive (Shrawat and
Lorz 2006; Hiei et al. 2014). For example, the reference
cultivar for in vitro culture, Bobwhite, has a transforma-
tion efficiency ranging from 2.5 to 3-6% (Tassy et al. 2014)
while Courtot, a French winter wheat that is responsive to
biolistic, has a transformation efficiency of only 1.47% (49
transformed plants over 3326 shooted immature embryos,
Tassy and Barret 2017). Chinese Spring, a spring wheat used
as a reference cultivar for genome sequencing (Choulet et al.
2014; International Wheat Genome Sequencing Consortium
(IWGSC) 2014; International Wheat Genome Sequencing
Consortium (IWGSC) 2018) is a recalcitrant genotype for
biolistic that cannot be transformed (0 transformed plants
over at least 3000 shooted immature embryos; our unpub-
lished results). On the contrary, Chinese Spring is consid-
ered to have a high regeneration efficiency when not submit-
ted to biolistic (Machii et al. 1998).

Since fertile transgenic wheat plants regenerate only from
a few target cell-types, the choice of the explant for genetic
transformation is a critical step. Three types of tissues are
usually used for transgenic plant production: immature
inflorescence and scutellum of mature or immature zygotic
embryos. Quality of mature embryos depends on the matura-
tion conditions of the plant. Stresses such as drought, heat
chock or pathogen aggression during maturation of the seed
can lead to weak embryos (Samarah 2005) and to regenera-
tion failures. Furthermore, extraction of mature embryos is
quite difficult because they adhere to the endosperm and
external seed layers, which results in their deterioration
while removing them from the seeds whereas immature
embryos are free inside the immature seed so they can be
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removed easily. However, transformation efficiency between
mature and immature embryos fluctuate between wheat gen-
otypes (Ozgen et al. 1998).

In wheat, production of hybrid immature embryos is tedi-
ous and encounters a problem of synchronization (material
impossibility to obtain enough embryos at the right stage at
the same time to achieve the genetic transformation). There
is a short period of optimal collection (around 14 days after
pollination, dap; Pastori et al. 2001; Tassy et al. 2014) and
it is an arduous task to harvest enough immature embryos
at the right stage (around 1 mm long) for transformation.
Moreover, we experienced fluctuation in the success rate of
crosses and found that production of a required amount of
seed can represent three times the amount of work expected
(Online Resource 1). Li et al. (2003) used cold temperature
(4 °C) to store immature spike collected few days (10-16)
post anthesis to enhanced somatic embryogenesis. Cold was
usually used for vernalization of winter crops such as winter
wheats and it reduces or even stops plant growth and induces
its flowering (Dennis and Peacock 2009). Li et al. (2003)
also suggested that a long period of cold storage of spikes is
necessary for efficient somatic embryogenesis.

In the present study, we report the possibility of stopping
embryo growth by shelling and keeping immature seeds at
cold temperature (4 °C) for a few days (4—7 days), and show
that the transformation rate obtained for a hybrid line is simi-
lar to that of the most responsive parent.

Materials and methods
An add-on to this section is given in Online Resource 2.
Plant culture and embryo production

Three bread wheat genotypes were used for this experiment:
Bobwhite (BW; cultivar BWS26), Chinese Spring (CS) and
Courtot (Ct). Donor plants of immature embryos were grown
in a dedicated greenhouse under controlled climatic con-
ditions with a 16 h/8h and 22 °C/18 °C day/night cycle.
The resulting TO (original transgenic generation) transgenic
plants were cultivated in a dedicated GMO greenhouse under
the same conditions. Hybrid seeds were produced using Ct
as male and CS as female. As many flowers as possible per
spike were emasculated and fertilized with Ct fresh pollen
2-3 days after castration. Around eight spikes a day, 3 days
a week were emasculated, to match Ct pollen availability.

Cold conservation and embryo measurement
At 11-12 days after pollination, depending on the culture

conditions, we harvested immature seeds (IS) and sterilized
them in 70% ethanol for 1 min. Then the IS are rinsed with
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autoclaved pure water and allowed to dry on sterile absor-
bent paper. We stored the sterilized IS in a 50 mL plastic
tube either at 4 °C in a cold chamber or on the bench at room
temperature (RT). For measurement, immature embryos (IE)
are extracted from IS and placed on plasmolysis medium
(Tassy et al. 2014). To measure the IE sizes, a picture of
each set of IE is taken on millimeter paper using a stereomi-
croscope. Each picture is analyzed with the imageJ Measure
tool (https://imagej.nih.gov/ij/docs/guide/146.html, subsec-
tion 30.1) to determine IE sizes that are given in pixels and
translated into millimeters using the references on the mil-
limeter paper.

Preparation of immature embryos (IE) or hybrid
immature embryos (HIE), shooting and in vitro
culture

Preparation of IE (or HIE) and shooting are performed as
described in Tassy et al. (2014). IE (or HIE) were extracted
and their radicula removed. IE (or HIE) prepared according
to the Tassy et al. (2014) protocol are thereafter still des-
ignated as IE (or HIE). Some modifications were made to
the Tassy et al. (2014) shooting protocol: for 10 shootings,
200-250 ng of DNA were coated to gold micro particles. In
case of co-transformation with two DNA fragments, both
fragments are added in equimolar ratio according to the
size of each fragment. DNA fragments for shooting were
prepared as described in Tassy et al. (2014), using gene
cassettes (Breitler et al. 2002; Yao et al. 2007). In vitro
culture was performed as described in Tassy et al. (2014),
on Phospho-Mannose Isomerase (PMI) selective media
(Fig. 1, Wright et al. 2001; Stoykova and Stoeva-Popova
2011). Briefly, after one night at 30 °C, freshly transformed
IE (or HIE) are put on callogenesis medium for 2 weeks.
Generated calli are transferred to two consecutives selec-
tive media for organogenesis (leaves) for 2 weeks each. The
second medium is less selective than the first one to let the
regenerating plantlets grow properly. Regenerated plantlets
are then transferred to a third selective medium for final
selection of transformed ones. This step avoids escape events
(plants that survive selection but that are not transformed).
In the end, after 2 weeks, plantlets selected on the third
medium are transferred to a fourth selective medium for root
organogenesis. Once the plantlets have developed roots and
leaves in sterile IVC containers, each of them are transferred
individually in small pots with germination soil and placed
in an acclimation cabinet for 2 weeks with a 16 h/8 h and
22 °C/18 °C day/night cycle and 60% of moisture, awaiting
for PCR analysis.

Analysis of transgenic plants

Transgenic plant DNA was extracted using Oktopure auto-
mated DNA extraction system and sbeadex™ plant DNA
extraction kit (LGC Limited©). Transgenic plants were
detected by PCR using specific primers for the DNA frag-
ments inserted and Amplitaq Gold® 360 Master Mix and
protocol (Applied Biosystems™). Transformation was
assessed by PCR on transgene (here PMI gene with prim-
ers PMI1 and PMI2, Online Resource 3) with, if possible,
a maximum of three leaves samples from three different
stems of the same plant. To avoid chimeras, plants were
considered as transformed when all samples of the same
plant are positive to PCR. Microsatellite specific primers
were used on each sample (WMS257, Online Resource 3) as
a PCR control. Melting temperatures are specified in Online
Resource 3.

Calculations and statistics

Regeneration and transformation rates were determined
using the initial number of embryos and the final num-
bers of respectively regenerated and transformed plants.
To generate the violin plots for embryo sizes repartition, R
ggplot function was used in association with geom_violin
and geom_boxplot functions from R package ggplot2. To
assess the significance between the results obtained and the
control, R wilcox.test function (for embryo size repartitions
comparison) and R t-test function (for regeneration capacity
comparison) were applied with a threshold of a=0.05. R
software (version 3.4.3) was exploited with Rstudio (ver-
sion 1.1.423).

Results

Shelling stops the growth of the IE and cold storage
preserves its embryogenetic capacity

To analyze the impact of shelling and cold storage on wheat
IE, we collected 796 IS at 11 days after pollination from
thirty different spikes of BW, each IS giving one IE. IS from
ten spikes were attributed to the control set (BWO0, 192 IS).
IS from the twenty spikes left were divided into four test sets
(IS from five spikes each). To test the impact of shelling,
two sets were kept at RT during 4 days (155 IS, BW4RT)
and 7 days (161 IS, BW7RT). We then extracted the IE of
each IS and measured their size, in comparison to BW0’s IE
extracted right after collection as described in “Materials and
methods" (Fig. 2). After 4 days at RT (BW4RT), the mean
size of the IE (0.85+0.19 cm) was not significantly different
from the control (BWO: 0.89 +0.22 mm; p-value =0.06676).
On the contrary, after 7 days at RT (BW7RT), the mean size
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«Fig. 1 IVC steps following biolistic protocol from IE (or HIE) to T1
(original transgenic generation’s first progeny) seeds. a Embryos just
after transformation. b Callogenesis step. ¢ First organogenesis step
(leaves) on the first selective medium. d, e Leaf development on the
second selective medium. f Leaf development on the third selective
medium. g Second organogenesis step (roots) and leaf development
just before transfer to greenhouse. h Plantlets transferred in small pots
in acclimation chamber. At this stage, plantlets are not big enough
for DNA sampling (PCR analysis). 1 or 2 weeks are needed to allow
the plant to grow in acclimation chamber. i After 2 weeks in accli-
mation chamber (with additional 2 months at 6 °C for winter geno-
types only), TO transgenic plants (positives to PCR) are transferred
to 4L pots with cultivation soil in a dedicated place. j Flowering TO
transgenic plants. Each spike is isolated in a moisture permeable plas-
tic bag for auto-pollination. k Fully fertile TO transgenic spikes. 1 T1
seeds collected from TO transgenic spikes, each plastic bag represent
T1 seeds collected from one TO transgenic plant

of the IE was 0.77 +£0.15 mm, significantly lower than the
control (p-value=1.921e—08). Then, to test the impact of
cold storage, we conducted the same experiment on the other
two sets by storing the IS at 4 °C for 4 and 7 days (BW4C,
BW7C) and the mean size of the IE was 0.87 +0.15 mm and
0.92 +0.17 mm, respectively. This is not significantly differ-
ent from the control (BWO0 0.89 +0.22 mm; p-value =0.4496
and 0.1804, respectively).

Next, to test the embryogenic capacity and the transform-
ability of the IE stored at RT or 4 °C, we conducted a trans-
formation experiment for the PMI gene on the previous five
IE sets with Biolistic® and placed them on successive man-
nose selective media (Tassy et al. 2014). For the control set,
0% of the IE aborted, 100% formed a callus, 9% generated a
plantlet and 4% generated a transformed plantlet (Fig. 3). In
contrast, for RT-stored sets, we observed that 76% and 100%

IE (millimeters)

0000000000 AN

) 006

BW4C

oLNwWhRONDOOCNWROION®OO

BWO BWA4RT BW7RT BW7C

Fig. 2 Distribution of Bobwhite (BW) IE sizes in millimeters for IE
stored at RT for 4 and 7 days (BW4RT and BW7RT) and at 4 °C (C)
during 4 or 7 days after collection (BW4C, BW7C). BWO is the con-
trol. BW IE were extracted from IS and then measured as described
in “Materials and methods”. Violin plots: distribution of all embryo
sizes for each set. Boxplots: white boxes: lower and upper quartile for
each set, dashed lines: Median size of embryos for each set, circles:
mean size of embryos for each set, black dots: outliers
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Fig.3 Regeneration capacity and transformability of embryos kept at
RT during 4 or 7 days after collection (BW4RT and BW7RT) and at
4 °C during 4 or 7 days after collection (BW4C, BW7C). BWO is the
control. White: aborted embryos (IE that did not form a callus on the
cell multiplication media). Light grey: non-embryogenic callus (IE
that formed a callus on selective media but that did not generate a
plantlet). Grey: embryogenic callus (IE that formed a callus and gen-
erated a plantlet). Dark grey: transformed plantlets (plantlets gener-
ated from embryogenic callus and positives to PMI PCR)

of the IE aborted after 4 and 7 days, respectively. Only 2%
of the total IE generated a plantlet after 4 days at RT, which
is significantly lower than the control (p-value =0.002,
a=0.05) and 1% of the total embryos generated a plant-
let that were transformed with PMI gene, which is not sig-
nificantly different from control (p-value=0.15, a=0.05).
However, callus that formed a plantlet represents 8% of the
callus formed after 4 days at RT, which is not significantly
different from the control (p-value =0.80, a=0.05) and cal-
lus that formed a transformed plantlet represents 5% of the
callus formed after 4 days at RT, which is not significantly
different from the control (p-value=0.66, a=0.05). We then
observed that after 4 or 7 days at 4 °C, respectively 87% and
99% of the embryos formed a callus and respectively 13%
and 16% of the callus generated a plantlet, which is not sig-
nificantly different from the control (p-value =0.35 and 0.06,
respectively, «=0.05). Callus that generated a transformed
plantlet for BW4C et BW7C represent 1% and 3% of the
total embryo set, which is not significantly different from
the control (p-value =0.06 and 0.91, a=0.05).

The number of embryos that formed a callus and further
developed a plantlet represents respectively 15% and 17% of
the callus formed for BW4C and BW7C, which is not sig-
nificantly different from the control (p-value=0.18 and 0.06,
respectively, a=0.05). Then the number of embryos that
formed a callus and further developed a transformed plantlet
represents respectively 1% and 4% of the callus formed for
BW4C and BW7C, which is not significantly different from
the control (p-value=0.07 and 0.92, respectively, a=0.05).
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Table 1 Transformation efficiency of Ct and CS/Ct hybrids

Set of Number of PCR- Hybrid Cttrans-  P-value
embryos embryos validated  transfor-  formation
shooted trans- mation efficiency
formed efficiency (%)
plantsat (%)
the end
of in vitro
culture
535 10 1.9 1.5 0.5248
615 14 23 1.5 0.2078
3 1901 29 1.5 1.5 0.8814

Embryos were at least stored 3 days at 4 °C before shooting. P-value
were obtained with t-test function on R (version 3.4.3)

Hybrid embryos transform as the best
transformable parent

We performed Biolistic transformation as described in
“Materials and methods” using HIE derived from the cross
between Chinese Spring (CS female) and Courtot (Ct male;
CS x Ct) kept at 4 °C for 3-5 days. Ct and CS exhibit a
transformation efficiency of 1.5% (Tassy and Barret 2017)
and 0% (our unpublished results), respectively. For the first
set of 535 HIE, we obtained 10 PCR-validated transformed
plants. For the second and the third sets of 615 and 1901 HIE
respectively, we obtained 14 and 29 PCR validated trans-
formed plants, respectively. This represents 1.9%, 2.3% and
1.5%, for HIE sets 1, 2 and 3, respectively. This is not sig-
nificantly different from the results obtained with Ct alone
(Table 1), indicating that the transformation efficiency of Ct
is dominant compared to that of CS. Fertility level of result-
ing transgenic plants is normal with a mean of 18 +5 seeds
per spike (on 7 independent transformation events).

Discussion

The construction of transgenic plants is a valuable approach
for candidate gene validation and genome editing but is lim-
ited by two main factors: the transformation efficiency that
remains relatively low and genotype dependent (<5% for
the best genotypes; Tassy et al. 2014), and the availability of
sufficient amount of appropriate material (here, IE).

Shelling stops the growth of the embryos

Here, we observed no difference between sizes of the fresh
IE and those stored at RT for 4 days or kept at 4 °C for
4 or 7 days. Thus, our results are in accordance with data
obtained in carrot (Daucus carota L.; Geard et al. 2007),
where the maximum seed size is achieved 40-60 days after
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full blooming while embryo development continues up
30-50 days after. The results suggested that early shelling
blocks the development of embryos in carrot leading to poor
seed quality. However, the embryos kept at RT for 7 days
are significantly smaller than fresh embryos. Between 10
and 15 days post anthesis, the embryo is in an exponen-
tial growth phase (Golovina et al. 2001; Fabian et al. 2011)
with a growth of 0.5 mm per day. In wheat, the difference
between the control and BW7RT is of 0.08 mm, representing
approximatively 4 h during the exponential growth phase.
BW7RT may have been sampled earlier than the control
BWO, regarding the days post-anthesis, and this may justify
the small difference in size.

Cold storage preserves embryogenetic capacity
of immature embryos

Previous studies described the positive effect of cold treat-
ment on somatic embryogenesis in Maize (Zea mais, Pesci-
telli et al. 1990), Oat (Avena sativa, Kiviharju and Pehu
1998), Prairie Milkvetch (Astragalus adsurgens, Luo et al.
2003), Patula Pine (Pinus patula, Malabadi and Staden
2006), Oilseed Rape (Brassica napus, Gu et al. 2004), and
Monterey Pine (Pinus radiata, Montalban et al. 2015). In
bread wheat (Triticum aestivum L.), the storage of spikes
collected 11-12 days post anthesis (DPA) during 13 to 16
days at 4 °C was found to significantly affect the percentage
of embryo’s scutella producing somatic embryos (Li et al.
2003). They reported that a long period of spike storage at
4 °C is necessary for efficient somatic embryogenesis. In
our experiments, we see any significant difference neither
in regeneration efficiency nor in transformability compared
to the control and we found no effect of short cold-storage
period on somatic embryogenesis. This is in total accord-
ance with their results, as we did not perform a long period
of storage at 4 °C.

On the contrary, storage at RT abolishes callus formation
upon 7 days conservation. Lublin and Sela (2008) showed
that when stored at RT, pathogens present at the surface
of an egg are capable of multiplication to large numbers.
However, at low temperature (6 °C), even if the pathogen can
survive up to 6 weeks, it is not able to multiply and infect
the egg. Nevertheless, we performed only a surface treat-
ment on the IS and bacteria could have been introduce inside
the IS through stinging insects (Thysanoptera, Bailey 1935).
As bacterial infection is likely to happen at RT, IS stored
at RT can develop internal bacterial infection affecting the
IE, making it unsuitable for genetic transformation. In con-
trast, cold storage is likely to reduce bacterial spreading,
preventing infection of the IE and preserving its integrity
and embryogenic ability.



Plant Cell, Tissue and Organ Culture (PCTOC) (2019) 136:365-372

371

Hybrid transformation

Like in maize (Hodges et al. 1986), we found that wheat
hybrid embryos derived from a cross between Chinese
Spring (recalcitrant parent) and Courtot (responsive par-
ent) retain an equivalent embryogenic capacity than the
embryos of the best transformable parent. It could be due
to the heterosis effect (Birchler et al. 2010) but as we found
no evidence of a such mecanism in in vitro tissue cultures,
we conclude that the transformation capacity could be
a heritable trait dominant in Courtot compared to Chinese
Spring. Transformability and more generally tissue-culture
response is a trait that is genetically controlled and several
QTLs have been identified (Amer et al. 1997; Bolibok and
Rakoczy-Trojanowska 2006; Jia et al. 2007). Gene transfer in
wheat has also long been limited to highly responsive geno-
types such as Bobwhite and Florida, selected for their good
response in tissue culture and amenability to transforma-
tion. However, transformation of elite breeding lines remains
difficult, mainly ranging between 1-5% (Rasco-Gaunt et al.
2001; Tassy et al. 2014). Only a few elite genotypes (15%)
exhibited percentages of ~6-8% (Rasco-Gaunt et al. 2001)
slightly higher than the reference cultivar Bobwhite (~3-5%;
Tassy et al. 2014).

Conclusion

Here we reported that shelling associated to cold conserva-
tion provides the possibility to store multiple sets of IS up to
7 days while keeping the optimal embryogenic ability of the
IE until transformation. This reduces the number of plants
that is necessary to cultivate and so the cost of a transforma-
tion experiment. We also showed that the best transforma-
tion capacity of a parental line is retain in hybrid embryos.
Altogether, these results optimize the wheat biolistic pro-
tocol for genome engineering and transgenic applications.
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