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INTRODUCTION

In Brazil, about 90% of the wheat is grown 
in the southern region. But domestic production can 
supply only about half of domestic demand. Therefore, 
there is a great appeal for a greater occupation of the 
Brazilian Cerrado, which has 2.7 million hectares of 
estimated area favourable to the culture (PASINATO, 
2017). Though, it still has several impairments to 
display its full productivity potential, such as blast 
disease, hydric deficit, and heat, which hamper growing 
in the Brazilian Cerrado. Some of these are difficult 
traits to be obtained by traditional breeding, but genetic 
modification technology can assist to reach this aim. 
However, it is not trivial to establish a wheat genetic 

transformation protocol, notably using Agrobacterium 
tumefaciens; because, in addition to the multitude of 
factors affecting this technique (ZIEMIENOWICZ, 
2014), the response window is considered narrower 
compared to other cereals (HIEI et al., 2014). 

In vitro regeneration capacity is one of the 
factors that may be prohibitive to get transgenic plants. 
Such studies in wheat have been made since the 70s 
(SHIMADA, 1978) until currently (ZHANG et al., 
2015b; MAHMOOD & RAZZAQ, 2017), confirming 
that regeneration is a key step for transgenesis. 
Regeneration per se has several key factors, such as 
plant growth regulator types and concentration in the 
culture medium (MAHMOOD & RAZZAQ, 2017) 
which may vary according to plant genotype and 
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ABSTRACT: The availability of an efficient protocol for in vitro regeneration is imperative for genetic transformation. Using genotypes 
adapted to the target region as a transgenic platform accelerates the development of cultivars. Therefore, this study aimed to adapt an in 
vitro regeneration protocol for Brazilian wheat genotypes. For this purpose, the in vitro regeneration capacity of immature embryos from six 
Brazilian wheat genotypes using two protocols of regeneration of somatic embryos was analysed. Furthermore, combinations of 2,4-D and 
picloram in the callus induction medium were tested in order to improve regeneration efficiency. Genotypes with higher regeneration efficiency 
were BR18-Terena and PF020037, yielding 0.42 and 1.13 shoots per explant using the Hu and the Wu protocol, respectively. Adding 1mgL-1 
2,4-D in the callus induction medium was the most favourable, producing 3.73 and 3.07 shoots per explant for PF020037 and BR18-Terena, 
respectively. In conclusion, a protocol for regeneration for two Brazilian wheat genotypes recommended and developed to be cultivated at the 
Cerrado region has been adapted.
Key words: Triticum aestivum, tissue culture, growth regulators.

RESUMO: A disponibilidade de um protocolo eficiente de regeneração in vitro é imperativa para a transformação genética de plantas. O uso 
de material genético adaptado à região alvo como plataforma de transgenia permite acelerar o desenvolvimento de uma cultivar. Portanto, o 
objetivo deste estudo foi adaptar um protocolo de regeneração in vitro para genótipos brasileiros de trigo. Para esta finalidade, a capacidade 
de regeneração in vitro de embriões imaturos de seis genótipos brasileiros de trigo, utilizando dois protocolos de regeneração de embriões 
somáticos, foi analisada. Além disso, combinações de 2,4-D e picloram no meio de indução de calos foram analisadas buscando aumentar 
a eficiência de regeneração. Os genótipos com maior eficiência de regeneração foram BR18-Terena e PF020037, produzindo 0,42 e 1,13 
brotações por explante usando os protocolos Hu e Wu, respectivamente. A adição de 1mgL-1 de 2,4-D no meio de indução de calos foi o mais 
favorável, produzindo 3,73 e 3,07 brotações por explante para PF020037 e BR18-Terena, respectivamente. Concluindo, foi adaptado um 
protocolo de regeneração para dois genótipos brasileiros recomendados e desenvolvidos para o cultivo no Cerrado.
Palavras-chave: Triticum aestivum, cultura de tecidos, reguladores de crescimento.
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the availability of genotypes responsive to in vitro 
culture and to the genetic transformation process. 
Bobwhite and Fielder are model cultivars for in vitro 
regeneration and genetic transformation purposes. 
However, they are not agronomically superior, 
requiring backcrosses to transfer the transgene to 
elite genotypes, demanding more time to generate a 
commercial cultivar. Using elite genotypes is quite 
interesting because it can be readily incorporated into 
breeding programs and has been the subject of studies 
(GRUSZKA VENDRUSCOLO et al., 2008; ZHANG 
et al., 2015a). Furthermore, by being adapted to the 
local environment, local genotypes may generate 
physiologically suitable explants for transformation. 

The most commonly used explant for 
wheat in vitro culture is the immature embryo, 
which regenerates via somatic embryogenesis (SE) 
(SINGH & PRASAD, 2016). SE is ‘the process of 
differentiation of cells into a plant bypassing the 
fusion of gametes’, according to SMERTENKO & 
BOZHKOV (2014). Picloram and 2,4-D are herbicides 
with growth regulator function most often used for SE 
in wheat (WU et al., 2009; RICHARDSON et al., 2014; 
SPARKS et al., 2014). Somatic embryo induction is 
related to stress application in cells, including that 
caused by 2,4-D (FEHÉR, 2015).

Therefore, this study aimed to adapt an 
in vitro regeneration protocol for Brazilian wheat 
genotypes, using two protocols of regeneration of 
somatic embryos, six Brazilian genotypes, moreover 
improving the culture media for genotypes with best 
regeneration efficiency using combinations of growth 
regulators picloram and 2,4-D.

MATERIALS   AND   METHODS

Donor plants of immature embryos 
(explants) were: BR18-Terena, MGS1 Aliança, 
MGS3 Brilhante, PF020037, PF020062 (all of 
the above are for rainfed cultivation), and BRS 
264 (irrigated cultivation) and Bobwhite SH 9826 
(responsive control for in vitro regeneration and 
genetic transformation).

Plants were grown in 8L pots, with 
topdressing at tillering with NPK 5-25-25 and urea (1g/
pot) in a mixture of soil and vermiculite (1:1) in genotype 
trials; and 0.8g urea/pot, 7.5g OsmocotePlus 15-9-12/
pot and 0.75g PG-mix 14-16-18 + micronutrients/pot 
in a mixture of soil : vermiculite : substrate (Mecplant 
Florestal 1C) (1:1:1) in assays for culture media 
improvement. Plants were kept in growth chambers with 
20°C day, 14°C night, 16h photoperiod, approximately 
110µmolesm-2s-1. Spikes were collected 10 to 16 days 

after anthesis. Immature embryos were 1.0 to 1.5mm in 
length with a creamy translucent appearance. Fungicidal 
and insecticidal were applied as needed.

Seeds were sterilised in 70% (v/v) ethanol 
for 1min, and 50% (v/v) commercial bleach solution 
added with Tween 20 to 0.1% (v/v) for 10min, 
followed by five rinses with sterile water. Explants 
were removed aseptically from the seeds and the 
embryonic axis was excised and they were placed 
on the culture medium with scutellum facing up. 
Explants were maintained in the culture room at 
25±2°C in the dark or light according to the protocols 
described below.

In order to identify the most responsive 
genotypes, their immature embryos were submitted to 
culture media based on that of Hu et al. (2003) and of Wu 
et al. (2009), both with modifications (Table 1), termed the 
Hu and the Wu protocols, respectively. These protocols 
are for genetic transformation and have no description of 
the regeneration efficiency, so the results of the present 
research were compared to other. In the Hu protocol, 
explants were placed on CM4C medium (pre culture, 
callus induction medium) in the dark for four days. After 
that, explants were placed in 60mm diameter disposable 
Petri dishes (JProlab) containing filter paper moistened 
with water for two to three days in the dark and then 
transferred to resting medium (callus induction medium) 
and kept in the dark for additional two weeks. Calli were 
transferred to the medium MMS0.2C (1st regeneration 
medium) and placed in the light for two weeks. After this 
time they were transferred to Magenta boxes containing 
about 50ml of MMS0C (2nd regeneration medium) for 
three weeks in the light. The calli were transferred to new 
MMS0C for three weeks in light and evaluated. In the 
Wu protocol, the explants were placed on inoculation/
co-cultivation medium, kept for three days and then 
transferred to the callus induction medium for three weeks. 
Explants were maintained in the dark until this step. Then, 
calli were transferred to regeneration media, under light 
from this step on, and maintained for three weeks. Calli 
were transferred to Magenta boxes containing about 
50ml of selection medium, maintained for three weeks, 
transferred to new selection medium, kept for another 
three weeks and evaluated. So, in this assay the in vitro 
response of seven wheat genotypes to two regeneration 
protocols were evaluated.

In the second assay, the culture media 
based on Wu protocol were used aiming regeneration 
efficiency improvement of the explants from 
PF020037 and BR18-Terena. In addition to previous 
modifications (Table 1), the induction medium was 
supplemented with 5µM CuSO4.5H2O and 1.03gL-1 
CaCl2.2H2O. In this medium, the combination of 0, 1, 
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and 2mgL-1 picloram (P0, P1, and P2) with 0, 1 and 
2mgL-1 2,4-D (D0, D1 and D2) were tested. At the final 
step of the protocol, calli were transferred to selection 
medium, maintained for three weeks and evaluated.

In all steps, except when mentioned and 
those using the MMS0C and selection media, 90mm 
diameter disposable Petri dishes (JProlab) containing 
about 30ml of each culture medium were used.

The parameters evaluated were the proportion 
of explants with regenerated shoots (ER) and the number 
of shoots per total number of callus (SC). All shoots were 
considered as a unit, individualised or not. The experiment 
to identify genotypes was repeated at least twice and for 
testing the callus induction medium once.

All the experiments were carried out in 
completely randomised design with the treatments 
arranged in the factorial design. The experimental unit 
was a Petri dish with fifteen to seventeen explants. For 
protocols and genotypes assay, each treatment had 
four replicates. For callus induction medium assay, ten 
replicates were used in each treatment. 

For statistical analysis, the data were 
transformed to squared root and then subjected to 
two-way analysis of variance (ANOVA) for F-test. 
When F was significant (P<0.05) the means were 
compared by the Tukey post-hoc test. The data were 
analysed using the GLIMMIX procedure of the SAS® 
software.

RESULTS   AND   DISCUSSION

In this research, it was sought to identify 
Brazilian wheat genotypes responsive to SE testing two 
regeneration protocols and to improve the regeneration 

efficiency of the most responsive ones modifying the 
induction medium. These genotypes are an interesting 
platform considering their future use in solving wheat 
problems for cultivation in the Brazilian Cerrado 
region, such as wheat blast resistance and drought 
tolerance, through genetic engineering.

BR18-Terena and PF020037 were the 
genotypes with higher ER and SC (Table 2). Bobwhite 
and PF020037 were the most responsive to the Wu 
protocol (38.2% and 42.7% ER, respectively), while 
BR18-Terena was the highlight (47.6% ER) in Hu. 
Except for BR18-Terena, ER of all other genotypes 
was not affected by the protocol type. There was no 
effect of the protocol type related to SC variable and 
Wu produced higher SC than Hu. Considering the 
two variables, the same genotypes stood out. Other 
genotype response did not differ significantly in both 
protocols and regenerated up to 11.4% and produced 
up to 0.24 SC.

Most of the explants produced callus 
and only these were considered for analysis. Calli 
formed in both protocols were generally milky, 
friable, and when present, the leaf primordia 
become chlorophyllous two to five days after light 
exposure. Calli formed in Wu were visually larger 
than those produced from Hu. After incubation on 
regeneration or resting medium, embryogenic calli 
with regeneration presented leaf structures, while the 
non-embryogenic or non-regenerated remained with 
cream or green regions (Figures 1A and 1B). Not all 
calli with leaf structures produced shoots.

Using similar culture media from the Wu 
protocol, the cultivar Florida presented 74.6% ER 
(WU et al., 2003), higher than any genotype tested in 

 

Table 1 - Culture medium used for induction and regeneration of wheat embryo genic calli. 
 

-----------------------------------------------------Culture medium Protocol according to Hu et al. (2003)----------------------------------------------- 

CM4C: MS macro and micronutrients, MS FeNa2.EDTA, MS vitamins, 100mgL-1inositol, 100mgL-1 ascorbic acid, 40gL-1 maltose, 
0.5mgL-1 2,4-D (AcrosOrganics), 2.2mgL-1picloram (Sigma), 7gL-1agar (Sigma), pH 5.8 
Resting: same components of CM4C, except using 2mgL-1 2,4-D 
MMS0.2C: same components of CM4C, except using 0.2mgL-1 2,4-D and absence of picloram 
MMS0C: same components of CM4C, except using 0.1µM L-tryptophan, 0.1µM L-tyrosine, 0.1µM L-phenylalanine, and absence of 2,4-
D and picloram 
---------------------------------------------------Culture medium according to Wu et al. (2009)----------------------------------------------------------- 
Inoculation/cocultivation: MS macronutrients, L7 micronutrients, MS vitamins, MS FeNa2.EDTA, 100mgL-1inositol, 1gL-1glutamine, 
100mgL-1caseinhydrolysate, 1.95gL-1 MES, 2mgL-1 2,4-D, 2mgL-1picloram, 10gL-1 glucose, 40gL-1 maltose, 2gL-1phytagel, pH 5.7 
Induction: MS macronutrients, L7 micronutrients, MS vitamins, MS FeNa2.EDTA, 100mgL-1inositol, 1gL-1glutamine, 100mgL-1casein 
hydrolysate, 1.95gL-1 MES, 0.5mgL-1 2,4-D, 2mgL-1picloram, 40gL-1 maltose, 7gL-1agar, pH 5.7 
Regeneration: L7 macro and micronutrients, MS FeNa2.EDTA, L vitamins/inositol (200mgL-1inositol, 10mgL-1thiamine-HCl, 1mgL-1 

pyridoxine-HCl, 1mgL-1ascorbic acid, 1mgL-1calcium pantothenate, 1mgL-1ascorbic acid), 100mgL-1inositol, 30gL-1 maltose, 0.1mgL-1 
2,4-D, 5mgL-1zeatin (Sigma), 7gL-1agar, pH 5.7 
Selection: same components of Regeneration, except absence of 2,4-D and zeatin.  
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the present research. The PF020037, which presented 
one of best results, produced only 42.7% ER and 
1.63 SC on the Wu protocol. Bobwhite ER was 75% 
in Mexico (PELLEGRINESCHI et al., 2002) and 
99% and 15.00 SC in Turkey (HALILOGLU et al. 
2013), suggesting that at least for this material, the 
conditions of the present research were not optimal. 
HALILOGLU & BAEZINGER (2005) obtained 1.80 
SC for Bobwhite, with the same in vitro conditions 
of HALILOGLU et al. (2013). On those three 
researches with Bobwhite, donor plants were grown 
in greenhouse, field and growth chamber. A possible 
reason for different results may be the physiological 
condition of donor plants, so improvements in this 
sense may be pursued.

Among several differences of the two 
protocols perhaps most important is the growth 
regulator concentration in the corresponding media. 
Embryogenic callus induction and regeneration 
abilities are dependent on the plant genotype (TANG 
et al., 2006; RASHID et al., 2009), requiring, among 
other things, adjustments in type and concentration 
of growth regulators. Therefore, we tested growth 
regulator combinations aiming to improve the 
regeneration efficiency of PF020037 and BR18-
Terena. The protocol Wu was chosen for these 
experiments because it was promising for two of 
the tested genotypes; callus appearance was visually 
better and it had best local adaptation.

All sprouts of the P0-D0 treatment were 
from seed germination (Figure 1C-E) and not from 
embryogenesis, thus it was considered as no shoots. 
By ANOVA, there was interaction between picloram 
and 2,4-D effects for both variables ER and SC in 
the two genotypes assayed. The most prominent 

treatment was P0-D1 (Figure 1F-H, Figure 2A-C, 
Table 3), with 3.73 SC and 61.2% ER for PF020037 
and 3.07 SC and 60.8% ER for BR18-Terena. 
Considering only the explants with shoots, these 
genotypes produced 6.09 and 5.05 SC, respectively. 
Using 2,4-D alone was better for BR18-Terena, so 
the combination of picloram and 2,4-D was not 
favourable for this genotype (Table 3 and Figure 1). 
Overall, PF020037 presented numerically higher 
means than did BR18-Terena, indicating that it may 
be more responsive in vitro or more adapted to these 
conditions. The addition of 1 or 2mgL-1 of picloram 
or 2,4-D was beneficial to PF020037 regeneration 
but dosage did not matter. The only statistically 
significant differences among treatments containing 
both growth regulators were P1-D1 (59.4% ER) and 
P2-D1 (27.1% ER). In PF020037 P1-D0, shoots 
were formed at the end of incubation on induction 
medium, and the explants were transferred to 
selection medium ten days earlier than the other 
treatments (Figure 2D-F). Unlike the others, shoots 
were not individualised (Figure 2F), being probably 
regenerated by organogenesis. The PF020037 in P2-
D0 also formed similar shoots, but fewer and with 
lower growth rate. Thus, adding 1mgL-1picloram 
to callus induction medium can speed up the 
regeneration process of PF020037.

The BR18-Terena in P2-D2, at concentrations 
similar to those of the resting medium (Hu), showed 
only 8.9% ER and 0.22 SC which is less than that 
obtained in the initial experiment (47.6% ER and 0.42 
SC, Table 2). The opposite occurred with PF020037, 
ranging from 24.0% ER and 1.13 SC to 48.5% ER and 
1.47 SC, the former to the second experiment. Possibly 
the small difference in the picloram concentration has 

 

Table 2 - In vitro regeneration of Brazilian wheat genotypes in two regeneration protocols. 
 

 Explants with shoots regeneration (%) 
Number of shoots per explant 

Wheat genotype Hu(1) Wu(2) 
Bobwhite SH9826 27.1abA 42.0aA 1.00a 
BR18-Terena 47.6aA 22.5abB 0.42ab 
BRS 264 8.2bcA 11.4bcA 0.24bc 
MGS1 Aliança 0.9bcA 8.8bcA 0.10bc 
MGS3 Brilhante 8.8cA 2.5cA 0.03c 
PF020037 24.0abA 42.7aA 1.13a 
PF020062 9.4bcA 8.1bcA 0.16bc 
   Wu Hu 
   0.58 A 0.32 B 

 
Regeneration protocol according to (1)Hu et al. (2003) and to (2)Wu et al. (2009). Means followed by same uppercase letter in the row and 
lowercase letter in the column do not statistically differ by Tukey post-hoc test (P< 0.05). 
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affected the result or components of the resting medium 
are favourable to BR18-Terena and unfavourable to 
PF020037. Compared to the induction medium (Wu), 
in which PF020037showed 42.7% ER and 1.13 SC 

and BR18-Terena 22.5% ER and 0.42 SC, P2-D1 
(containing similar concentration) presented similar 
results with 27.1% and 21.6% ER and 1.61 and 0.77 SC, 
respectively (Table 2 and Table 3), for these genotypes. 

Figure 1 - In vitro regeneration of Bobwhite SH9826 and BR18-Terena wheat genotypes. A) Bobwhite 
SH9826 embryogenic callus with and B) without regeneration structures; C–K) BR18-
Terena wheat cultivar, C) P0-D0* calli after 3wks on induction, D) 3wks on regeneration 
and E) 3wks on selection medium; F) P0-D1* calli after 3wks on induction, G) 3wks on 
regeneration and H) 3wks on selection medium; I) P1-D0* calli after 3wks on induction +1d 
on regeneration, J) 3wks on regeneration and K) 3wks on selection medium. *P: picloram (0, 
1 and 2mgL-1), D: 2,4-D (0, 1 and 2mgL-1) added to induction medium. d – day; wks – weeks. 
Scale bars: 1mm (A, B), 1 cm (C-K).
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There was a significant improvement in the 
regeneration efficiency, from 47.6% and 42.7% ER 
and 0.42 and 1.13 SC for BR18-Terena and PF020037, 
respectively, to 60.8% and 61.2% ER and 3.07 and 
3.73 SC (Table 2 and Table 3), even considering that 
the evaluation was advanced three weeks compared 
to the previous experiment. The longer the time in 
culture medium there was a tendency to produce more 
shoots/tillers. The difference between substrates in 
donor plants growing, CuSO4.5H2O and CaCl2.2H2O 

addition in the medium, may have contributed to the 
improvement as well. 

In another study with Brazilian genotypes 
using P2.2-D1 in induction medium, the best result 
was 99.5% embryogenic callus formation and 
1.10 shoots per embryogenic callus (GRUSZKA 
VENDRUSCOLO et al., 2008). In a study of Chinese 
cultivars, the best ER was close to 65% (TANG et 
al., 2006). European cultivars Florida and Brigadier 
produced embryogenic calli in induction medium 

Figure 2 - In vitro regeneration of PF020037 wheat cultivar. A) P0-D1* calli after 3wks on induction +1d on 
regeneration, B) 3wks on regeneration and C) 3wks on selection medium; D) P1-D0* calli after 3wks 
on induction +1d on regeneration, E) 3wks on regeneration and F) 3wks on selection medium, detail of 
multiple shoots attached to each other; G) P1-D2* calli after 3wks on induction + 1wk on regeneration, 
H) 3wks on regeneration and I) 3wks on selection medium. *P: picloram (0, 1 and 2mgL-1), D: 2,4-D (0, 
1 and 2mgL-1) added to induction medium.d – day; wk(s) – week(s). Scale bars: 1cm (A-I); 0.5cm (detail 
in F).
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containing 2mgL-1 picloram which regenerated 96% 
and 92%, respectively (BARRO et al., 1999). MITIĆ 
et al. (2006) studied the regeneration capacity of 96 
genotypes from several places around the world, and 
concluded that the genotype is the most important 
factor for regeneration potential determination. The 
amount of SC ranged from 1.10 to 8.90 (considering 
only calli with shoots). One of the best results of in 
the present research was 3.73 SC or 6.09 shoots per 
embryogenic callus and almost 100% of explants 
produced callus. The comparison to other studies 
is complicated because the evaluation criteria 
differ and are not always clear. Percentage of calli 
with regeneration does not mean a lot of cells in 
regenerated shoots that can generate new plants, as 
they can produce few or multiple shoots.

CONCLUSION

A protocol for regeneration using 
immature embryos of two Brazilian wheat genotypes 
recommended and developed to be cultivated at 
the Cerrado region, BR18-Terena and PF020037, 
respectively, has been adapted. Considering callus 
induction, the addition of 1mgL-1 2,4-D into induction 
medium proposed by WU et al. (2009) is the most 
favourable for shoot production in both genotypes.
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(inside genotype) in the row and lowercase letter in the column do not statistically differ by Tukey post-hoc test (P< 0.05). 
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