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and divergence between 0.20 and 0.37 in in vitro regener-
ated plants. Finally, water stress assays confirmed that S1 
progenies exhibited a differential behavior from that of the 
parent material. Under 100 mM of mannitol used as selec-
tion pressure in IM or in both IM and RM, S1 progenies of 
two regenerated materials had higher height, fresh weight 
and dry weight at the end of water stress assay.

Keywords  Anther culture · Apomixis · Polyploids · 
Somatic embryogenesis · Abiotic stress

Abbreviations
IM	� Induction medium
RM	� Regeneration medium
FWEC	� Fresh weight of embryogenic calli
PEC	� Proportion of embryogenic calli
NRS	� Number of regenerated seedlings
IS	� Induction stage
RS	� Regeneration stage
R1	� Regenerated seedlings
S1	� Progenies of in vitro regenerated plants
ISSR	� Inter simple sequence repeat

Introduction

Cenchrus ciliaris L. (syn. Pennisetum ciliare (L.) Link, 
buffelgrass) is a perennial forage grass used for cattle 
feeding in different arid and semiarid regions worldwide 
(Hanselka et al. 2004). In Argentina, the species is present 
mainly in the northwestern region, in environments with a 
marked dry season during a long part of the year. Accord-
ingly, several of the forage grasses developing in those 
environments undergo water deficit periods (Pérez 2005); 
this stress situation becomes more marked to the west of 

Abstract  Buffelgrass is a forage grass that reproduces 
mainly by apomixis. In species with this reproduction 
mode, in  vitro selection allows the incorporation of alter-
natives in a breeding program. The aims were to define 
a protocol for in  vitro selection, provide a molecular and 
morphological characterization of the progenies of regen-
erated plants, and evaluate them under water stress con-
ditions. In the embryogenic callus induction medium 
(IM), the highest values of the variables fresh weight of 
embryogenic calli, proportion of embryogenic calli and 
number of regenerated seedlings (NRS) were obtained in 
the 25 mM mannitol treatment. The remaining concentra-
tions of the osmotic agent (50, 75, 100 and 150 mM) had 
a negative effect on these variables. In the regeneration 
medium (RM), NRS was reduced at all mannitol concen-
trations. When embryogenic calli were induced and seed-
lings were regenerated maintaining mannitol concentra-
tions in IM and RM, the highest NRS values were recorded 
at 25  mM mannitol. In  vitro regenerated seedlings trans-
planted to an experimental plot exhibited different mor-
phological characteristics from those of the anther donor 
plant. ISSR primers detected 22% of polymorphic bands 
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the region, with the southwestern area, where precipitations 
fail to meet 70% of plant demands, being the driest area 
(Conti et al. 2009). Buffelgrass reproduces mainly by apo-
mixis, through a mechanism known as apospory followed 
by pseudogamy (Jessup et  al. 2003). The progeny of an 
apomictic plant is identical to the female parent; thus, indi-
viduals can be selected and propagated as clones (Hanna 
and Bashaw 1987). This type of reproduction can be used 
in a genetic breeding program because it allows the stabili-
zation of superior genotypes (Bashaw and Hignight 1990); 
however, designing a breeding program in which conven-
tional hybridization is not involved in embryo development 
is difficult.

Plant establishment through in  vitro tissue culture has 
been often studied in buffelgrass. Somatic embryogen-
esis and organogenesis have been induced using different 
types of explants, such as immature inflorescences (Kumar 
et al. 2015), seeds (Bhat et al. 2001), apical buds (Kumar 
and Bhat 2012), mature embryos (Colomba et  al. 2006) 
and anthers (Carloni et  al. 2014). Regarding the embryo-
genic process, we observed somaclonal variation during 
the implementation of seedling regeneration protocols, 
both with mature embryos and anthers as explants (López 
Colomba et  al. 2011; Carloni et  al. 2014). Later, further 
studies demonstrated that somaclones exhibited a bet-
ter behavior that the donor plant under salt stress (López 
Colomba et al. 2013).

Tissue culture offers the possibility of selecting indi-
viduals in  vitro by adding different components acting as 
selective agents to the culture medium (Mohamed et  al. 
2000; Lu et  al. 2007), either directly or gradually (Gan-
gopadhyay et al. 1997; Hassan et al. 2004; Mohamed and 
Ibrahim 2012). These works are based on pre-existing 
genetic variation or variation induced and recovered dur-
ing cell or tissue culture (Biswas et al. 2002; Matheka et al. 
2008; Lu et  al. 2009; Verma et  al. 2013). The agent has 
been applied at different moments: during the callus induc-
tion process, during seedling regeneration or all throughout 
the in vitro culture stages (Biswas et al. 2002; Errabii et al. 
2007; Aazami et al. 2010; Verma et al. 2013).

Drought stress conditions are usually simulated by 
adding compounds, such as mannitol, sorbitol or polyeth-
ylene glycol (PEG) (Leone et  al. 1994; Joshi et  al. 2011; 
Mahmood et  al. 2012), which reduce the water potential 
of the medium. The responses of the different explants or 
in vitro regenerated plants can be influenced by secondary 
effects, either morphological or physiological, of the com-
pounds used to simulate stress (Hohl and Schöpfer 1991; 
Verslues et al. 1998; Cha-um et al. 2012). For this reason, 
besides confirming the efficiency of in  vitro selection, all 
selection processes should include an ex vitro assay to 
determine the exact measure of tolerance to the osmotic 
agent observed in the laboratory (Remotti 1998).

Tolerance to the selective agent can be measured by 
evaluating morphological characters, since plants growing 
under water stress exhibit responses that are typical of that 
situation (Moore et  al. 2004; Verslues et  al. 2006; Claeys 
et  al. 2014). In buffelgrass, growth-related variables such 
as height, fresh weight and dry weight reveal the level of 
tolerance at the seedling stage under water, temperature 
and salt stress (Tommasino et al. 2012; Tommasino 2013). 
These assays allow early identification of individuals show-
ing desirable agronomic traits and different from apomictic 
genetic materials (López Colomba et  al. 2013). Accord-
ingly, the aims of this work were to establish a protocol for 
in vitro selection, provide a morphological and molecular 
characterization of the progenies of regenerated plants, and 
evaluate them under water stress conditions.

Materials and methods

Plant material

Anther donor plants were obtained from the apomictic 
genotype register number (RN) 51, belonging to an active 
collection of buffelgrass apomictic genotypes located at 
the Instituto de Fisiología y Recursos Genéticos Vegetales 
(IFRGV), Córdoba, Argentina. Plants were cultivated in the 
experimental field of IFRGV (31°24′S; 61°11′W) from mid 
December 2011 to early March 2012.

In vitro culture

A protocol for whole plant regeneration via somatic 
embryogenesis was used as described Carloni et al. (2014). 
Briefly, anthers were cultivated in culture medium and after 
45 days, calli were subcultured and maintained in embryo-
genic callus induction medium (IM) for 90 days. At the end 
of this period, the variables fresh weight of embryogenic 
calli (FWEC) and proportion of embryogenic calli (PEC) 
were measured. Then embryogenic calli were individually 
transferred to tubes containing regeneration medium (RM). 
Calli were subcultured every 60 days and maintained on the 
same medium for 10 months; at the end of this period, the 
number of regenerated seedlings (NRS) was counted.

In vitro selection

In vitro selection was made by adding mannitol to the cul-
ture medium (Sigma-Aldrich, St. Louis, MO) at different 
stages of somatic embryogenesis (induction, regeneration, 
and induction + regeneration). A lethal dose 50 (LD50), 
i.e., the dose at which 50% of the material survives (López 
Colomba 2011), was determined.
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Determination of LD50

To determine LD50, different concentrations of manni-
tol 25, 50, 75, 100, and 150 mM, corresponding to water 
potentials of −0.62, −0.72, −0.85, −0.93 and −1.22 MPa, 
respectively, were added to the culture medium. The con-
trol group consisted of anthers cultivated without the 
addition of mannitol (−0.45  MPa). At the embryogenic 
calli induction stage (IS), 30 anthers (10 flowers) were 
placed in each Petri dish, with seven repetitions per treat-
ment. The three anthers from each central flower (fertile 
anthecium) were grouped and considered an explant (10 
explants). After 90 days, the variables FWEC and PEC 
were evaluated. The resulting embryogenic calli were 
individually transferred to tubes containing regeneration 
medium (RM) without mannitol. During the regeneration 
stage (10 months), the NRS was counted.

At the seedling regeneration stage (RS), mannitol was 
added after 90 days of the start of the induction period in 
RM. Twenty embryogenic calli were used per treatment 
and the NRS was counted.

LD50 at embryogenic calli IS and RS was determined 
using the protocol previously described, but maintaining 
the mannitol concentrations in both media (IM and RM). 
Thirty anthers per Petri dish were used, with five repeti-
tions per treatment. The NRS was counted at the end of 
the regeneration stage.

Field selection and morphological and molecular 
characterization of buffelgrass somaclones

All the regenerated seedlings (R1) were placed in rooting 
medium and were hardened as described in Carloni et  al. 
(2014). To identify the phenotypic changes, RN 51 was 
used as donor plant and all the in vitro regenerated plants 
were transferred to an experimental plot in a completely 
randomized design (Fig.  1). Plant materials were trans-
planted at 1-m distance between them and 12 morphologi-
cal characters of leaf, stem and panicle were measured, as 
described in Quiroga et  al. (2013), during two crop sea-
sons. Seeds (S1) of the selected plant materials (R1) were 
collected.

Plant selection was made following different criteria. 
First, plants that were regenerated at the LD50 defined for 
each of the stages included in the process were selected. 
Then the R1 plants showing morphological characteris-
tics different from those of RN 51 were identified. Finally, 
those plants that did not produce a sufficient number of 
seeds or did not resprout after winter were removed from 
the selection process.

In addition, R1 genetic materials selected in the field 
were analyzed using inter simple sequence repeat (ISSR) 
markers (Gupta et  al. 1994; Zietkiewicz et  al. 1994). For 
this, plant samples were processed and screened for poly-
morphisms using the ISSR primers UBC840A, ISSR8, 
UBC827 and UBC834 (Online Resource 1: Table 1), fol-
lowing the method described by Carloni (2016).

Fig. 1   Protocol for in vitro 
selection during somatic 
embryogenesis for mannitol 
tolerance. a Anthers used as 
explant at the start of in vitro 
culture in induction medium 
(IM). b Embryogenic calli at 
the induction stage, 7 and 60 
days (c) after the start of anther 
culture. d Induced embryogenic 
calli at the regeration stage. e 
Greenhouse plants after harden-
ing period. f Experimental plots 
of in vitro regenerated buffel-
grass plants (R1). g Water stress 
trial in buffelgrass progenies 
(S1), right pot: control (80% 
of soil water content, SWC) 
and left pot: drought treatment 
(30% of SWC). h Individual 
seedlings at 21 days after the 
end of the assay, left seedling: 
control; right seedling: drought 
treatment (80 and 30% of SWC, 
respectively)
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Evaluation of the response to water stress conditions 
of progenies (S1) of in vitro regenerated plants (R1)

Water stress assays were performed using the seeds (S1) 
collected from selected materials (R1), following the pro-
tocol described by Tommasino (2013). Briefly, approxi-
mately 250 seeds were sown in 17.6  L pots containing 
2.76  kg sand and soil substrate (1:1) previously dried in 
heater at 105 °C for 48 h, and maintained in the greenhouse. 
The pots were then watered to saturation; once water was 
completely drained (4 h later) soil water content was deter-
mined using the gravimetric method. The obtained value 
was considered 100% moisture, corresponding to the maxi-
mum amount of water that can be retained by this substrate. 
Then, pots were watered daily to maintain 80% of soil 
water content (SWC). Between 30 and 45 days after sow-
ing, the pots were transferred to a breeding chamber, main-
taining the following conditions: temperature (28 ± 2 °C), 
photoperiod (16 h light and 8 h dark), humidity (40%) and 
light (250 μmol m−2 s−1).

Pots at 80% of SWC were considered control, whereas 
pots taken to 30% of SWC by interrupting irrigation were 
considered treatments (drought). This 30% SWC value was 
used because buffelgrass genotypes were found to show 
water stress symptoms at that SWC (Fig.  1) (Tommasino 
2013). Two repetitions per plant material were performed 
for each experiment. At 21 days of reaching 30% SWC, 10 
plants per pot were randomly selected and the following 
variables were evaluated: height, fresh weight (FW) and 
dry weight (DW) of aerial part.

Statistical analysis

The variables FWEC and PEC were determined at 90 
days of the start of in  vitro anther culture. PEC was cal-
culated as the number of explants sown per Petri dish (10 
explants). NRS was counted all throughout the regen-
eration period (10 months) and the value is expressed per 
Petri dish, except for the in vitro selection stage in RM, in 
which the mean NRS is reported (20 embryogenic calli per 
treatment).

To evaluate the efficiency of induction relative to 
FWEC, general linear and mixed models were fitted con-
sidering treatments as classification variables. To evaluate 
the efficiency of induction and regeneration relative to PEC 
and NRS, respectively, two generalized mixed linear mod-
els (GMLMs) were fitted, considering treatments as clas-
sification variables. The variable PEC was calculated via 
a binomial distribution with logit link function, whereas 
a Poisson distribution with log link function was used to 
calculate NRS. In both cases, differences between means 
for the treatments were evaluated using the Di Rienzo, 
Guzmán and Casanoves test (DGC) (Di Rienzo et al. 2002).

To confirm phenotypic variability in R1 in vitro regen-
erated materials with respect to the donor plant RN 51, 
morphological variables were compared using t tests for 
independent samples. Moreover, a cluster analysis was per-
formed using the unweighted pair group method with arith-
metic mean (UPGMA) by applying Euclidean distance as 
proximity measure.

To code the molecular profiles obtained with the ISSR 
primers, a binary data matrix was performed for each 
primer and for each individual, with 1 and 0 indicating 
presence and absence of bands, respectively. The molecular 
profile of the donor plant RN 51 was used to define a pat-
tern. Genetic associations among individuals were evalu-
ated using the sqrt(1-S) transformation of Jaccard similarity 
index. The distance matrix was subjected to the UPGMA 
hierarchical clustering method.

Finally, to detect differences in growth responses in the 
water stress assay, the following biomass variables were 
evaluated using t tests: plant height, FW and DW of the 
progenies (S1) of the selected genetic materials (R1) with 
respect to RN 51.

Statistical analyses were performed using InfoStat statis-
tical software (Di Rienzo et al. 2014), except for the binary 
matrix analyses, which were performed using Info-Gen 
software (Balzarini and Di Rienzo 2013).

Results

In vitro selection

Buffelgrass genotype RN 51 was able to induce embryo-
genic calli and regenerate seedlings (Fig. 1), as described 
previously (Carloni et  al. 2014). However, the addition of 
osmotic agent to the medium produced different responses 
in the variables fresh weight of embryogenic calli (FWEC), 
proportion of embryogenic calli (PEC) and number of 
regenerated plants (NRS). At the induction stage of embry-
ogenic calli (IS), the analysis included natural log trans-
formation of the observed FWEC values, due to the best 
fit of the model. The highest values for this variable were 
obtained at a mannitol concentration of 25 mM (Fig. 2a), 
with no differences from control (0  mM), but with dif-
ferences from the remaining mannitol concentrations 
(P < 0.001). Regarding PEC (Fig.  2b), interestingly, the 
lowest mannitol concentration (25 mM) at IS stimulated the 
induction response of embryogenic calli compared to con-
trol (P < 0.001). For the variable NRS, the highest number 
of seedlings was obtained at 25 mM, with values differing 
statistically only from values of the treatment containing 
150 mM mannitol (P < 0.001) (Fig. 2c).

At the seedling regeneration stage (RS) no response was 
observed at concentrations above 100  mM mannitol. A 
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similar result was obtained when mannitol was maintained 
in both media (IM and RM). For this reason, only values 
obtained from plants regenerated at concentrations rang-
ing between 25 and 100 mM of mannitol and the control 
(0  mM mannitol) were considered. Figure  3a shows that 
when embryogenic calli were induced in the IM without 
mannitol, all the concentrations of the osmotic agent in RM 
caused a decrease in NRS (P < 0.001).

When the embryogenic calli were induced and seedlings 
were regenerated maintaining the mannitol concentrations 
(IM and RM) (Fig. 3b), the GMLMs indicated that maxi-
mum NRS values were obtained at a 25 mM (P < 0.001). 
This value differed significantly from values obtained with 
the remaining treatments, and even from values of the con-
trol medium.

Determination of LD50

The results of the embryogenic callus induction stage 
indicate that the highest values of the three variables 
were obtained at 25 mM of mannitol (Fig. 2). The values 
that were closer to 50% of the total obtained (LD50) were 
obtained in treatment at 100 mM of mannitol. The FWEC 
value obtained was 0.0890 ± 0.0137 g, representing 57% of 
the maximum value obtained. The value obtained for PEC, 
0.34% ± 0.04 represents a reduction of 65%. The NPR val-
ues that were closer to the LD50 were obtained at 100 mM 
of manitol (58% of the total). While these values are not 
statistically different from treatment with 25 mM, the next 
concentration in the series (150 mM) regenerated only one 
seedling, which did not produce seeds. According to these 
results, seedlings (R1) regenerated from IM with 100 mM 
of mannitol were considered suitable for selection using 
embryogenic callus induction.

According to the observed NRS responses, when the 
embryogenic calli are in an IM without mannitol (Fig. 3a), 
approximately 1.25 seedlings should be regenerated at the 
LD50 in the RM. The treatment that was closest to that 
value was a concentration of 25  mM mannitol. However, 
when mannitol concentrations were maintained in both 
media (IM and RM), the treatment with 25 mM stimulated 

a higher NRS (Fig.  3b). During the selection stage in IM 
and RM, all the treatments differed from 25  mM man-
nitol treatment; however, no value represents the percent-
age required to reach the LD50, since all of them increased 
selection pressure. Accordingly, considering the NRS and 
the aim of this work, we decided to increase selection pres-
sure at both stages of in  vitro culture (regeneration and 

Fig. 2   Response of growth parameters of in  vitro cultured buf-
felgrass anthers in an embryogenic calli induction medium (IM) 
at different mannitol concentrations. Embryogenic callus induc-
tion medium supplemented with 25, 50, 75, 100 and 150 mM man-
nitol or not supplemented with mannitol (0  mM). a Fresh weight 
of embryogenic calli (FWEC). b Proportion of embryogenic calli 
(PEC). c Number of regenerated seedlings (NRS). For the variable 
NRS, embryogenic calli were regenerated in regeneration medium 
without mannitol. Mean values represent three dates of tiller col-
lection. Different letters within a column indicate significant differ-
ences (P ≤ 0.05) according to the Di Rienzo, Guzmán and Casanoves 
(DGC) means comparison test. Cut-off line on the “y” axis indicates 
the LD50

▸
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induction + regeneration with mannitol, respectively). For 
this, we selected R1 plants that regenerated in RM at 75 
and 100 mM of mannitol. When the osmotic agent concen-
tration was maintained in both (IM and RM), we selected 
R1 seedlings that regenerated in the 100  mM mannitol 
treatment.

Field selection and morphological and molecular 
characterization of buffel grass somaclones

As indicated at the IS, we used with R1 plants that regener-
ated in an IM with 100 mM mannitol. We identified a total 
of 18 plants, which allowed us to perform a divergence 
tree using 12 morphological characters and to make a first 
selection of five materials (Online Resource 2: Fig.  1). 
At the RS we used 7 plants, of which we selected 4 from 
the treatments with 75 and 100 mM of mannitol (3 and 1, 
respectively) (Online Resource 2: Fig. 2). At the selection 
stage using mannitol in both IM and RM, we characterized 
morphologically four plants regenerated in  vitro in media 
supplemented with 100 mM of manitol, and selected three 
of them (Online Resource 2: Fig. 3).

Since the phenomenon of somaclonal variation is ran-
dom (Larkin and Scowcroft 1981), it is possible to find 
somaclonal variants regardless of the culture medium used. 
Therefore, with the aim of interpreting the results obtained 
after fine-tuning each stage of the selection process, we 
included genetic material that were regenerated in  vitro 
without using mannitol. We characterized morphologically 
a total of 20 plants (Online Resource 2: Fig. 4), of which we 
selected two. We also included two somaclones (R1−t4 and 
R1−t32), which showed morphological differences as well as 

genetic variations with respect to RN 51 donor plant (Car-
loni et al. 2014).

The external morphological characters of leaves, stems 
and panicles evaluated in the different materials selected 
and used for the water stress assays are described in 
Table 1. The t test for independent samples applied to the 
in vitro regenerated plants (R1) revealed significant differ-
ences (P < 0.05) for most of the morphological characters. 
Variability was observed in 9 of the 12 morphological char-
acters with respect to RN 51; the three variables that did 
not show variability were flag leaf length (FLL), number 
of branches (NBR) and number of flowers/branch (FL/BR).

All the ISSR molecular markers were polymorphic 
(Online Resource 1: Table 1) and generated both types of 
data expected (absence and presence of allele) in the DNA 
samples extracted from in  vitro regenerated buffelgrass 
plants. The amplification profiles generated with ISSSRs 
UBC840A and ISSR8 are displayed as an example in 
Fig. 4. The results show 22.6% of the polymorphic bands 
(Online Resource 1: Table 1) and the distance coefficients 
vary from 0.20 to 0.37 between in vitro regenerated and RN 
51 (Online Resource 1: Table  2). The dendrogram gener-
ated by UPGMA is shown in Fig. 5. The cophenetic corre-
lation coefficient yielded by this analysis was 0.92.

Evaluation of tolerance to water stress in the progeny 
(S1) of in vitro regenerated plants (R1)

The behavior of S1 progenies of the material selected 
during the embryogenic callus induction stage (IS) under 
water stress is shown in Table 2. The t test for independ-
ent samples showed significant differences (P < 0.05) 
in some biomass characters of these progenies with 

Fig. 3   Number of regenerated seedlings (NRS) obtained from 
in  vitro culture of buffelgrass anthers. a Embryogenic calli were 
induced in mannitol-free induction medium (IM) and then placed 
in seedling regeneration medium (RM) containing 0, 25, 50, 75 and 
100 mM of mannitol. b Embryogenic calli were induced in IM and 

seedlings were regenerated in RM, both media containing 0, 25, 50, 
75 and 100 mM of mannitol. Different letters within a column indi-
cate significant differences (P ≤ 0.05) according to the Di Rienzo, 
Guzmán and Casanoves (DGC) means comparison test. Cut-off line 
on the “y” axis indicates the LD50
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respect to the donor plant RN 51. In the control treat-
ment, with pots maintained at 80% of SWC, one of the 
selected plants (S1−6.6.4) exhibited lower height than the 
donor plant. In the water stress treatment (30% SWC), 
three of the evaluated materials exhibited variability with 
respect to RN 51. Two of them showed a decrease in all 
the variables analyzed (S1−17.2.1.1 and S1−6.6.4), and mate-
rial S1−4.3.1.1.2 presented a better behavior in height, fresh 
weight and dry weight than the donor plant.

The analysis of S1 progenies of materials selected during 
the callus regeneration stage (RS) showed significant dif-
ferences (P < 0.05) in most of the biomass characters ana-
lyzed at the end of the assay (Table 3). However, none of 
the evaluated materials showed a better behavior than that 
of RN 51.

The S1 progenies of the materials selected in the callus 
induction and regeneration stages (IS and RS) also showed 
significant differences in biomass characters (P < 0.05) 

Fig. 4   Detection of genetic variability using ISSR molecular markers 
in in  vitro regenerated buffelgrass plants. Agarose gel electrophore-
sis (2%) of PCR products obtained using the primer UBC840A (a, 
b) or ISSR8 (c, d). Seedlings regenerated in vitro (R1) in induction 
medium (IM) with 100 mM (R1−17.2.1.1, R1−4.3.1.1.2, R1−4.3.3.1, R1−6.6.1 
and R1−6.6.4) of mannitol, in IM and regeneration media (RM) with 
100 mM (R1−11.2.2, R1−4.6.1 and R1−6.1.1) of mannitol, in RM with 75 

(R1−61.1, R1−70.4, R1−75.1) or 100 mM (R1–92.1) of mannitol or manni-
tol-free culture media (R1−17.3, R1−10.1.2, R1−t32 and R1−t4). RN 51: 
DNA of donor plant used as pattern. Mix: Negative control (a reac-
tion containing all PCR components except the DNA template of the 
studied plant). MM: molecular weight marker (100  pb Plus DNA 
Ladder, Thermo Scientific)
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from those of RN 51. In the control treatment, the three 
plants exhibited lower height, two of them lower fresh 
weight (S1−4.6.1 and S1−6.1.1) one of them lower dry weight 
(S1−4.6.1) (Table 4). In the water stress treatment, two of the 
materials (S1−11.2.2 and S1−4.6.1) did not show any differ-
ences in any of the variables with respect to RN 51. How-
ever, the three evaluated materials had higher dry weight 
and one of them (S1−6.1.1) differed statistically from RN 51.

The S1 progenies obtained from in  vitro regenerated 
materials that were not subjected to mannitol treatment as 
selection agent also showed significant differences from 
RN 51 (P < 0.05) (Table  5). Only three variables of three 
different plants did not show differences from the donor 
plant, and none of the plants showed an improved behavior.

Discussion

Our results show that during the embryogenic callus induc-
tion stage, the water potential generated at a mannitol con-
centration of 25 mM (~−0.62 MPa) did not affect FWEC. 
However, as observed in other species (Hassan et al. 2004; 

Fig. 5   Dendrogram obtained with the average linkage UPGMA 
method through the analysis of four ISSR molecular markers, by 
applying the sqrt(1-S) transformation of the Jaccard similarity index 
as a proximity measure. R1: Seedlings regenerated in vitro in induc-
tion medium (IM) with 100  mM (R1−17.2.1.1, R1−4.3.1.1.2, R1−4.3.3.1, 
R1−6.6.1 and R1−6.6.4) of mannitol, in regeneration medium (RM) with 
75 (R1−61.1, R1−70.4, R1−75.1) or 100 mM (R1−92.1) of mannitol, in IM 
and RM with 100 mM (R1−11.2.2, R1−4.6.1 and R1−6.1.1) of mannitol or 
mannitol-free culture media (R1−17.3, R1−10.1.2, R1−t32 and R1−t4). RN 
51: DNA of donor plant used as pattern

Table 2   Response of 
growth parameters evaluated 
under control and water 
stress of buffelgrass (S1) 
progenies obtained from 
in vitro regenerated materials 
in induction medium 
supplemented with 100 mM 
of mannitol and mannitol-free 
regeneration medium

Control: pots maintained at 80% of soil water content (SWC). Water stress: pots maintained at 30% of 
SWC. Fresh weight (FW) and dry weight (DW)
*Indicates significant differences (P < 0.05) within each column in the variables analyzed in the in vitro 
regenerated material with respect to the donor plant (RN 51). Variables were compared using t tests for 
independent samples

Material Control Water stress

Height (cm) FW (g) DW (g) Height (cm) FW (g) DW (g)

RN 51 42.25 1.131 0.098 37.6 0.802 0.094
S1−17.2.1.1 41.6 1.121 0.101 35.05* 0.643* 0.074*
S1−4.3.1.1.2 43.58 1.141 0.114 42.05* 1.054* 0.112*
S1−4.3.3.1 41.4 1.112 0.109 38.1 0.861 0.095
S1−6.6.1 40.95 1.014 0.095 37.45 0.757 0.090
S1−6.6.4 38.65* 0.945 0.090 33.45* 0.582* 0.069*

Table 3   Response of 
growth parameters evaluated 
under control and water 
stress of buffelgrass (S1) 
progenies obtained from 
in vitro regenerated materials 
in regeneration medium 
supplemented with 75 (R1−61.1, 
R1−70.4 and R1−75.1) or 100 mM 
(R1−92.1) of mannitol

Control: pots maintained at 80% of soil water content (SWC). Water stress: pots maintained at 30% of 
SWC. Fresh weight (FW) and dry weight (DW)
*Indicates significant differences (P < 0.05) within each column in the variables analyzed in the in vitro 
regenerated material with respect to the donor plant (RN 51). Variables were compared using t tests for 
independent samples

Material Control Water stress

Height (cm) FW (g) DW (g) Height (cm) FW (g) DW (g)

RN 51 56.89 2.5642 0.262 42.35 0.8232 0.160
S1−61.1 52.35* 0.9332* 0.127* 40.9 0.8075 0.142
S1−70.4 54.37 1.5855* 0.145* 39.45 0.706 0.139*
S1−75.1 52.85* 0.9921* 0.140* 33.84* 0.6632* 0.117*
S1−92.1 49.8* 1.1532* 0.129* 36.53* 0.6072* 0.118*
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Matheka et  al. 2008; Verma et  al. 2013), a decrease in 
water potential and FWEC occurs with increasing osmotic 
agent concentrations. A reduction in FWEC may be attrib-
uted to a delayed growth as a result of the loss of turgor 
observed in cells that develop under stress conditions (Erra-
bii et al. 2007; Joshi et al. 2011). In addition, such reduc-
tion depends on the plant material and the species (Biswas 
et  al. 2002; Ahmad et  al. 2007; Aazami et  al. 2010). Our 
results, based on FWEC, suggest that the negative effect 
of water stress on callus growth starts at water potentials 
~−0.72 MPa (50 mM of mannitol).

Accordingly, mannitol provides an additional source of 
carbon to the IM (MS + 3% sucrose + 6 mg/l 2-4D + man-
nitol). If mannitol were metabolized, an increase in explant 
fresh weight should be expected (Gulati and Jaiwal 1993; 
Lipavská and Vreugdenhil 1996; Mohamed and Ibrahim 
2012). This behavior was not recorded in our work. Similar 
results were mentioned for other species, in which manni-
tol did not produce favorable responses compared to other 
sugar forms available in the medium (Hilae and Te-chato 
2005; Yaseen et  al. 2009). Yaseen et  al. (2013) suggest 
that the capacity of cells or tissues to grow in a mannitol-
supplemented medium is related to the species’ capacity to 

form and assimilate this polyol. The lack of use of mannitol 
as a carbon source may be due to the inability of buffel-
grass to metabolize that sugar. Therefore, complementary 
studies would be useful to confirm this hypothesis (Vítová 
et al. 2002; Rejšková et al. 2007).

The response of PEC is closely related to the reduc-
tion of water potential of the medium and the generated 
stress. First, treatment with 25 mM of mannitol produced 
a higher number of embryogenic calli. Similar effects were 
observed in other regeneration systems using mannitol as 
osmotic agent (Nadel et  al. 1989; Biahoua and Bonneau 
1999). Some authors suggested that the decrease in osmotic 
potential in the culture medium exposes the explant to a 
stress condition necessary for stimulating the embryogenic 
response (Kamada et al. 1993; Aoshima 2005). Therefore, 
the increased PEC observed at the lowest mannitol con-
centration may be due to the stimulus generated by water 
stress (Zavattieri et al. 2010). Indeed, the increase in PEC 
observed in some buffelgrass genotypes exposed to other 
stressors in tillers agrees with that hypothesis (Carloni et al. 
2014).

Nevertheless, the embryogenic response to the dif-
ferent explants cultivated in  vitro depends on the stress 

Table 4   Response of growth parameters evaluated under control and water stress of buffelgrass (S1) progenies obtained from in vitro regener-
ated materials in both induction and regeneration media each supplemented with 100 mM of mannitol

Control: pots maintained at 80% of soil water content (SWC). Water stress: pots maintained at 30% of SWC. Fresh weight (FW) and dry weight 
(DW)
*Indicates significant differences (P < 0.05) within each column in the variables analyzed in the in vitro regenerated material with respect to the 
donor plant (RN 51). Variables were compared using t tests for independent samples

Material Control Water stress

Height (cm) FW (g) DW (g) Height (cm) FW (g) DW (g)

RN 51 49.05 1.6734 0.116 33.4 0.4181 0.068
S1−11.2.2 45.4* 1.4858 0.111 35.4 0.4818 0.079
S1−4.6.1 44.55* 1.2964* 0.094* 34.3 0.49 0.075
S1−6.1.1 45.95* 1.1038* 0.099 40.72* 0.4826 0.086*

Table 5   Response of growth 
parameters evaluated under 
control and water stress of 
buffelgrass (S1) progenies 
obtained from in vitro 
regenerated material in 
mannitol-free induction and 
regeneration media

Control: pots maintained at 80% of soil water content (SWC). Water stress: pots maintained at 30% of 
SWC. Fresh weight (FW) and dry weight (DW)
*Indicates significant differences (P < 0.05) within each column in the variables analyzed in the in vitro 
regenerated material with respect to the anther donor plant (RN 51). Variables were compared using t tests 
for independent samples

Material Control Water stress

Height (cm) FW (g) DW (g) Height (cm) FW (g) DW (g)

RN 51 43.55 1.0946 0.099 38.55 0.7916 0.083
S1−10.1.2 38.9* 0.8033* 0.070* 32.35* 0.4538* 0.058*
S1−17.3 43.6 0.8568* 0.085* 34.85* 0.4472* 0.073*
S1−t32 37.2* 0.9125* 0.088 31.79* 0.5376* 0.069*
S1−t4 38.6* 0.6743* 0.071* 35.65* 0.4958* 0.074
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level, among other factors (Karami and Saidi 2010). In 
C. sinensis a threshold of osmotic potential with man-
nitol to stimulate embryogenic calli formation has been 
mentioned, since that effect does not occur at concentra-
tions above the optimum ones (Aoshima 2005). Here, 
the mentioned observations agree with treatments above 
25  mM of mannitol, since at 50, 75 and 100  mM there 
were no positive responses in PEC. In addition, the low 
or nil response of PEC observed at 150  mM or higher 
concentrations (200 and 300  mM, data not shown), can 
be related to inhibition in embryogenic response, as men-
tioned for crops that cannot tolerate stress conditions 
(Matheka et al. 2008; Mahmood et al. 2012).

Interestingly, the response of NRS differed with 
the presence or absence of mannitol in the induction 
medium. When the osmotic agent was not present during 
the regeneration stage, the stimulus observed in PEC with 
25 mM of mannitol in IM did not translate into a higher 
NRS. A positive effect on NRS was observed only when 
mannitol concentration (25 mM) was maintained in both 
culture media (IM and RM). In other species, treatment 
with PEG improves the capacity of somatic embryos to 
develop into plants (Svobodová et  al. 1999). Osmotic 
stress conditions in the medium induced with PEG are 
necessary to increase storage protein deposition (Misra 
et al. 1993) and the level of transcripts involved in differ-
entiation of somatic embryos (Stasolla et  al. 2003). The 
increase in NRS observed when mannitol was maintained 
in both media may be related to the requirement of an 
osmotic potential for somatic embryo maturation at the 
regeneration stage (Svobodová et al. 1999).

On the contrary, when mannitol treatments were 
applied only during the RS, NRS was reduced in all treat-
ments with respect to control. This behavior might be 
related to a lack of acclimation reported in cell or plant 
cultures maintained in a medium with some level of 
stress for some time (Leone et  al. 1994; Gangopadhyay 
et al. 1997; Claeys et al. 2014). Accordingly, when man-
nitol was added only in the RM, NRS was reduced at all 
concentrations. By contrast, in those calli induced during 
90 days under osmotic stress conditions (IM with manni-
tol), the lowest number of regenerated plants in RM with 
mannitol was observed in treatments supplemented with 
more than 25 mM of mannitol. Stress conditions imposed 
by low mannitol concentrations during IS may have gen-
erated equilibrium in cellular metabolism (Leone et  al. 
1994), which allowed somatic embryo to adapt to the 
negative effects of osmotic stress at the RS (Mohamed 
et al. 2000). By contrast, when mannitol is added only in 
the RM, an osmotic shock is likely to occur in cells (Gan-
gopadhyay et  al. 1997), affecting somatic embryos and 
their further regeneration (Matheka et al. 2008).

Regarding selection and evaluation of the in vitro regen-
erated material, it is well known that plants generated and 
recovered from cell or tissue culture exhibit changes with 
respect to the donor plant (Larkin and Scowcroft 1981). 
This phenomenon was previously demonstrated using the 
same in  vitro regeneration system in buffelgrass (Carloni 
et al. 2014). The present results also show changes in mor-
phology of leaves, stems or panicle of the in vitro regener-
ated plants. In addition, the use of ISSR markers allowed us 
to detect different molecular profiles in R1 plants, suggest-
ing the existence of genetic variability (Gupta et al. 1994; 
Zietkiewicz et  al. 1994). Finally, the water stress assays 
confirmed that the S1 progeny of these selected materials 
(R1) exhibited a differential behavior with respect to that of 
the anther donor genotype, both in control and water stress 
conditions. Our present results, as well as those previously 
performed by our work group (Lopez Colomba et al. 2011, 
2013), confirm that somaclonal variation is a phenomenon 
that can be applied to obtain genetic variability in apomic-
tic buffelgrass genotypes.

Descriptors such as height, fresh weight and dry weight 
are the most important morphological characters to evalu-
ate and characterize the different buffelgrass genotypes 
(Griffa et  al. 2010). In addition, dry weight is the most 
agronomically important character and the main yield com-
ponent in forage pastures (Moore et al. 2004). The materi-
als regenerated in culture media without mannitol and eval-
uated in the water stress assay did not show improvement 
in behavior for any of the biomass variables mentioned. By 
contrast, the S1 progenies from the materials R1−4.3.1.1.2 and 
R1−6.1.1 selected from media with mannitol had a higher 
dry weight in the water stress treatment. The better behav-
ior of these materials than that of the donor plant suggests 
tolerance in their response to growth under stress condi-
tions (Munns 2002; Verslues et al. 2006). Therefore, these 
results indicate that in vitro selection with mannitol allows 
regeneration of materials with improved response to water 
stress, as observed in other species (Mohamed et al. 2000).

Regarding the most suitable stage for performing 
the selection process, S1−4.3.1.1.2 was in contact with the 
osmotic agent during the IS and S1−6.1.1 in both IS and RS. 
None of the materials selected during RS showed improved 
behavior, suggesting that selection pressure with mannitol 
should be performed at least during induction of embryo-
genic calli. Although any source or morphogenetic process 
is susceptible to somaclonal variation (Bairu et  al. 2011), 
our results may be attributed to processes occurring in the 
explant. Accordingly, when anthers are placed in the IM, 
dedifferentiation and disorganized proliferation of cells 
that grow to form a callus is observed (Carloni et al. 2014). 
These are key processes in somaclonal variation, since they 
can induce cell alterations, generating instability (Karp 
1995), accordingly, it has been suggested that some of the 
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genetic changes observed in in vitro regenerated plants are 
originated in the callus phase (Phillips et al. 1994).
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