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KEYWORDS Abstract Three durum wheat (Triticum durum Desf.) genotypes with three levels of drought toler-
Callus: ance were screened in order to evaluate their response to water stress at callus induction and plant
Durum wheat; regeneration levels. Significant differences were observed among the genotypes, and polyethylene
Mature embryo; glycol (PEG) levels used, and their interactions were however, significant for all the studied charac-
PEG; ters. Increase in PEG concentration increased the time required for callus initiation and reduced the
Selection; number of calli frequency of embryogenic structures and number of plants regenerated, showing the
Water stress adverse effect of PEG on the somatic embryogenesis developmental., under in vitro conditions

tested, and Djenah Khetifa was the most tolerant genotype, followed by Oued Zenati and Waha.
This pattern was per their drought tolerance behavior under field conditions. Principal component
analysis (PCA) showed that 95.56% of the total variation was explained by the first two principal
components. Biplot analysis allowed the stress-tolerant genotype to be distinguished from the two
less tolerant genotypes. Time required for callus initiation was strongly negatively correlated with
all other studied traits. These traits can be recommended as suitable selection criteria for screening
drought-tolerant genotypes. The selected cells and plants will provide a tool for determining the

mechanisms involved in tolerance to water stress.
© 2017 Production and hosting by Elsevier B.V. on behalf of Academy of Scientific Research &
Technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Environmental conditions in agricultural settings are highly
variable, leading to suboptimal crop yields and survival rates.
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on exploiting high yield potential and genotype selection for
morphological, physiological and agronomic traits indicative
of drought tolerance under field conditions [12]. Developing
an understanding of plant responses to drought is a fundamen-
tal part of developing stress-tolerant varieties [31,36]. Screen-
ing for drought tolerance under field conditions involves
considerable resources (land, people and power) and requires
suitable environmental conditions for the effective and repeat-
able phenotypic expression of drought tolerance attributable
to the genotype. It is therefore necessary to use simple but
effective early screening methods that relate to the field pheno-
types [14]. However, in vitro selection for tolerance to abiotic
stress depends on the development of efficient and reliable cal-
lus induction and plant regeneration systems. In wheat species,
various explants sources have been used for embryogenic cal-
lus formation and plant regeneration [10,11,32,33]. These tis-
sues differ in their ability to regenerate whole plants [11]. If
the mature embryos can be used as the explants for tissue cul-
ture, this offers many important advantages over immature tis-
sues as explants. For example, the dry seeds would be available
for isolating mature embryos in large quantities with no sea-
sonal influence throughout the year. The physiological states
of mature embryos are similar and dry seeds are easy to manip-
ulate in tissue culture [7]. Water stress could be induced in
plant cell cultures by adding osmotica, such as mannitol, poly-
ethylene glycol, sucrose or sorbitol. For drought stress induc-
tion, however, one of the most popular approaches is to use
high molecular weight osmotic substances, such as polyethy-
lene glycol (PEG) [27.34,41]. These agents have no detrimental
or toxic effects on the plant; they inhibit the plant’s growth,
however, by reducing the water potential of the culture med-
ium in a way similar to soil drying, so that cultured explants
are unable to take up water [9]. The in vitro culture system is
based on inducing genetic variation among cells, tissues and/
or organs in cultured and regenerated plants. However, there
are genetic, biochemical and physiological constraints to
obtaining stress-tolerant plants through in vitro culture
[7,22]. Several authors have used this technique successfully
to screen various genotypes for water tolerance. The present
study sought to identify the superior genotypes in terms of
water stress tolerance with the objective to develop in vitro
screening method for drought tolerance.

2. Material and methods

2.1. Plant material

The experiments were carried out on three durum wheat (7ri-
ticum durum Desf.) genotypes. Based on field trials, one geno-
type was classified as drought sensitive (Waha) and two as
drought tolerant (Oued Zenati and Djenah Khetifa) [23]. The
wheat germplasm was obtained from the Technical Institute
of Field Crops (ITGC) Institut Technique des Grandes Cul-
tures (Station El-khroub Constantine, Algeria).

2.2. Callus induction and in vitro selection procedures

Callus cultures were initiated using mature embryos. The seeds
were surface sterilized with 70% ethanol for 15 min, followed
by 12% sodium hypochlorite (NaClO) for 20 min, and then
rinsed five times with sterile dH,O. Mature embryos about

2-4 mm long were aseptically excised and then incubated with
the scutellum side down on MS induction medium (Table 1)
[30], supplemented with 2mgl1™' 2.4-dichlorophenoxyacetic
acid (2.4-D), 3% sucrose and 2.5gl™! phytagel (Sigma-
Aldrich). The pH value of the medium was adjusted to 5.7
prior to autoclaving at 110 °C for 30 min. The cultures were
maintained at 25 + 1°C under 30 um =2 S™" cool fluorescent
light intensity, with a 16 h/8 h (light/dark) photoperiod. Each
treatment was performed in five replicates (20 mature embryos
per Petri dish). The calli were maintained by subculturing
every 20 days on the same MS medium with different PEG
6000 concentrations: 0% (control), 10% (SI: —0.49 MPa)
and 20% (SII: —1.2 MPa). The osmoticum was added to the
media before autoclaving.

2.3. Plant regeneration and acclimatization

The surviving calli on media containing 10% and 20% PEG
6000 were transferred into test tubes containing MS basal salt
medium (Table 1) [30] supplemented with 1.0 mg1~' benzy-
laminopurine (BAP), 0.5mgl™' naphthalene acetic acid
(AIA), 30 g 17" sucrose and 2 g 1”! Phytagel. The cultures were
maintained at 25°C wunder cool-white fluorescent light
B30pumm~2S™") 16 h/8h (light/dark) photoperiod. Rooted
plantlets were transferred to Jiffy peat pellets containing a mix-
ture of garden soil and sand (2:1) for acclimatization in a
greenhouse.

Table 1 MS basal media composition [30].
Ingredients Conc. of stock Concentration in
solution (mg/1) medium (mg/1)
Macroelements
NH4NO; 33,000 1650
KNO; 38,000 1900
CaCl,-2H,0 8800 440
MgSO,4-7H,0 7400 370
KH,PO, 3400 170
Microelements
KI 166 0.83
H3;BO; 1240 6.2
MnSO,-4H,0 4460 22.3
ZnSO4-7H,0 1720 8.6
Na,Mo00y4-2H,0 50 0.25
CuSO4-5H,0 5 0.025
CoCl, 5 0.025
Iron source
FeSO,4-7H,0 5560 27.8
NA,-EDTA-2H,O 7460 37.3
Vitamins
Myo-inositol 20,000 100
Nicotinic acid 100 0.5
Pyridoxine HCI 100 0.5
Thiamine HCI 100 0.5
Glycine 400 2

Carbon source

Sucrose Added as solid 30,000
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2.4. Measured variables

The following characteristics were recorded for the three
durum wheat genotypes:

Time of callus initiation (TCI): Time taken for callus initia-
tion (days) using binoculars.

Callus induction frequency (CIF): The number of embryos
producing calli divided by the number of cultured mature
embryos plated on Petri dishes x 100.

Callus growth surface (CGS): Evaluated based on the callus
surface area (mm?) measured at 7, 15 and 30 days, using Image
Pro Plus 6.2 software (Media Cybernetics).

Relative tolerance (RT): Callus growth surface (mm?) under
stress divided by the mean value of callus growth surface
(mm?) under non-stress x 100.

Embryogenic callus production (ECP): Expressed as the
number of embryogenic calli divided by the total number of
induced calli x 100.

Reduction percentage (R): Mean CGS value under stress
level — mean CGS value at 0% stress level.

Plant regeneration (PR): Number of plants regenerated
divided by the total number of embryogenic calli x 100.

Regeneration frequency (RF): Number of plantlets obtained
divided by the number mature embryos induced in
culture x 100.

2.5. Statistical analysis

Analyses of variance (ANOVA), correlation analysis, principal
component analysis (PCA) and biplot analysis were carried out
using SPSS20, MINITAB17 and XLSTAT2015 software.
Cluster analysis was performed using a Ward method and
Euclidean distance [29,42].

3. Results and discussion

3.1. Water stress with PEG 6000

Significant differences were observed among the genotypes,
PEG concentrations (0%, 10% and 20%), and their interac-
tions for all the studied characters (Table 2), indicating genetic
variability in response to PEG-simulated drought stress in
terms of TCI, CIF, CGS, ECP, PR and RF.

3.2. Effect of water stress on time of callus initiation

Callus initiation was visible within a few days of mature
embryos being cultured under control conditions. For Djenah
Khetifa and Oued Zenati, TCI was 2 days and for Waha it was
5 days. The TCI was greatly influenced by genotype, explant,
media composition and hormones. For example, in Triticum
aestivum, the appearance of primary calli from mature
embryos was observed 3—4 days after inoculation as translu-
cent, rough and rather watery structures [44]. For Bi and Wang
[7], it was 2 days later; calli formed from mature embryos of
durum wheat on 2 mg 17! 2,4-D. For Ozgen et al. [32] it was
10-11 days; calli formed from mature embryos of winter
durum wheat on 8 mg1~" 2.4-D. For Ozgen et al. [33], it was
2-3 days later; calli formed from mature embryos of common
winter wheat (7. aestivum L.). In the presence of the osmotic

um agent, however, increased PEG concentration significantly
increased the TCI in all varieties compared with the controls,
the delay being longer for Waha than those for the Djenah
Khetifa and Oued Zenati varieties (Table 2).

3.3. Effect of water stress on callus induction frequency

The results of our study showed that there were no significant
differences among the varieties under non-stress conditions
(without PEG), with all explants producing calli (Table 2).
The frequency of callus induction approached 100%. The high
CIF observed demonstrating the high capacity of the durum
wheat genotypes tested to induce calli from mature embryo
explants. This observation is in agreement with previous
reports that showed a high rate of callus production from
mature and/or immature embryos of durum wheat [3].

Under water stress, however, the callus response from
mature embryos was genotype dependant (Table 2). At 10%
PEG, Djenah Khetifa had the highest rate of callus production
(84.0%), followed by Oued Zenati (82.56%) and then Waha
(77.4%). Increasing the concentration to 20% PEG resulted
in a significant reduction in CIF in all genotypes. The highest
percentage of callus induction (80%) was recorded for Djenah
Khetifa and the lowest (57%) for Waha (Table 2). Our results
showed that CIF response under PEG treatment was genotype
dependent. The genetic constitution appeared to play a major
role in callus induction under water stress. A decrease in CIF is
a typical response of the explants of species, including wheat,
when subjected to PEG-simulated drought stress
[6,15,18,26,35]. Mahmood et al. [26], reported that incubation
of wheat calli derived from immature embryos on callus selec-
tion media supplemented with PEG-6000 induced osmotic
stress of —0.9 MPa for four weeks seemed sub-lethal and can
be expected to kill non-tolerant calli and allow only tolerant
ones to survive (survival 26.62%) with reasonable regeneration
potential.

3.4. Effect of water stress on callus growth surface and relative
tolerance

The growth dynamic of callus tissues was measured at 30 days
on MS medium supplemented with different concentrations of
PEG (0%, 10% and 20%), and digital images were analyzed
using Image Pro Plus software. This non-invasive evaluation
of growth had previously proved to be effective and helpful
in that it allowed the evolution of the calli to be monitored
until regeneration without removing them from their in vitro
environment, and thus not interfering with their development
[23]. On average across all the genotypes, the highest CGS
(37.90 mm?) was recorded when calli were cultured for 30 days
on 0% PEG, compared with 10% (25.87 mm?) and 20%
(18.54 mm?) PEG (Table 3).

All culture conditions and for the three measurements
taken over time, Djenah Khetifa had the highest CGS
(36.22 mm?), followed by Oued Zenati (28.74 mm?) and Waha
(17.35 mm?). The most severe growth slowdown was observed
in Waha, where the reduction rate was 42.82% at 10% PEG
and increased significantly (p < 0.001) with increasing stress
up to 20% PEG, reaching 77.95%. Oued Zenati seemed less
affected by stress than Waha, with a reduction rate of
32.13% at 10% PEG and 47.44% at 20% PEG. Djenah
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Table 2 [n vitro screening of three genotypes for increased water stress tolerance in durum wheat. Mature embryos of three genotypes
displaying various levels of drought tolerance (DK: Djenah Khetifa; OZ: Oued Zenati; W: Waha) were exposed to PEG throughout
(30 days) the process of somatic embryo induction and formation. TCI: time of callus initiation; CIF: callus induction frequency; ECP:
embryogenic callus production; PR: plant regeneration; RT: relative tolerance; RF: regeneration frequency. Mean + standard
deviation from at least 5 replicate experiments (» = 100); common letters indicate no significant differences at 5% level of probability.

Variety DK (0Y4 W

PEG 0% 10% 20% 0% 10% 20% 0% 10% 20%
concentration

TCI 2.0 £ 0.0f 3.0 £ 0.2¢ 5+ lc 2.0 £ 0.14f 4.0 £ 0.5d 5.0 £ 02¢c 5.0 £0.5¢ 7.0 £ 0.5b 9.0 £ 0.5a
CIF 100 £ Oa 84.0 + 1b 80 + 1.0d 100 £ Oa 82.56 £ 1.2c 79.4 £ 0.5d 100 + Oa 774 £ 2 570 £ 1If
ECP 79.2 £ 39b 83.0 £ 2.7ab 56.0 £ 4.2d 61.0 £ 42¢c 58.0 &+ 2.7cd 29.0 = 2.2¢ 81.0 + 4.2ab 84.0 &+ 2.2a 23.0 + 2.7f
PR 60.7 £ 5a 46.7 £ 6.2c 342 £ 12.7d 49.2 + 54bc 32.7 £ 10.7d 17.3 £ 1.5¢ 58.1 + 3.6ab 34.5 + 3.0d 8.0 = 10.9¢
RF 48.0 = 4.5a 41.0 £ 89b 19.0 = 6.5d 30.0 £ 3.5¢ 19.0 £ 6.5d 5.0 = 3.5¢ 46.0 £ 2.2ab 29.0 + 2.2¢ 2.0 + 2.7e

Table 3  Effects of PEG concentrations on the callus growth surface (mm?) in three durum wheat varieties. Presented data are mean
values calculated for the three measurements taken over time (at 7, 15 and 30 days) for each variety and each culture condition. DK:
Djenah Khetifa; OZ: Oued Zenati: W: Waha; CGS: callus growth surface; RT: relative tolerance; R: reduction percentage. Means

followed by the same letter are not statistically different according to the Fisher test (P < 0.05).

PEG concentration 0% 10% 20% Means across treatments
CGS CGS RT%  R% CGS RT% R% CGS means

DK 4556 + 3.1a 3442 + 245c 7555 2445  28.68 £ 1.2d 62.95 37.05  36.22 + 7.57

oz 39.12 £32b 2654 £ 3.2d 67.84 32.16  20.54 £ 2.07e  52.56 4749  28.74 + 8.44

W 29.00 £ 1.4d  16.64 + 0.7f 57.38 42,62  6.40 £ 0.6g 22.07 7793 1735 £ 9.61

Means 37.89 £ 748 2587 + 7.84 68.26 31.74  18.54 + 9.62 48.94 51.06 -

Khetifa seemed to be the most tolerant, showing reduction
rates of 24.52% and 37.06% at 10% and 20% PEG, respec-
tively (Table 3). Although a progressive increase in CGS was
maintained when calli were incubated on 10% and 20% of
PEG, an increase in water stress induced by PEG caused a sig-
nificant decrease in CGS (especially at the highest PEG con-
centration) compared with the controls. The callus induction
response in terms of callus surface was variety dependent, with
Djenah Khetifa showing the highest rate growth under control
conditions and the least affected rate under PEG treatment
(Table 3). Data recorded after the PEG treatments confirmed
that all the studied genotypes had different, but nevertheless
high, capacities for callusing under water stress. CGS data
were also used to calculate relative tolerance (RT) in order
to provide a value for relative comparisons among genotypes,
by eliminating inherent differences associated with the growth
rate of each genotype in response to water stress. For each
genotype, RT was calculated based on the growth difference
measured between calli exposed to two PEG concentrations
[1]. Djenah Khetifa exhibited the highest tolerance of PEG
from 10% to 20% (Table 3), whereas Waha exhibited the low-
est RT values under these water stress conditions. Cells that
continue to grow under severe stress are tolerant, but PEG
might improve callus growth capacity. Bressan et al. [9]
reported that an enhanced ability to grow in the presence of
water stress was achieved by the exposure of cultured cells to
a medium containing PEG. Reduced growth in the presence
of PEG in the medium has been reported for several plants,
including wheat [35], rice [§] and sugarcane [5]. As plant
growth is a result of cell division and enlargement, water stress

would directly restrict growth by slowing down both processes
[25], and the most sensitive process to get affected by water
deficit is the cell growth [16]. Our results indicated that Djenah
Khetifa and Oued Zenati were better at adapting to higher
water stress than Waha, which indicated the superiority of
these genotypes for in vitro water stress tolerance. The calli
that actively grew at this stage were considered to be PEG tol-
erant and were used for further characterization and their abil-
ity to regenerate plantlets [23].

3.5. Effect of water stress on embryogenic callus production

Significant differences were observed among the genotypes
(Table 2). The embryogenic and nonembryogenic calli were
distinguished on the basis of their external aspect, as reported
in several studies [11,20]. Embryogenic calli have a glossy look,
are compact and have a whitish-cream color and a nodular
structure, whereas non-embryogenic calli are soft and translu-
cent and have a hyperhydric appearance. In our observations,
non-embryogenic callus showing necrosis or browning
(Fig. 1C) was not selected for regeneration. According to
Sharma et al. [37], the browning of the callus cells was consid-
ered as an indicator of tissue culture intolerance to PEG
induced drought.

The three genotypes showed high embryogenic callus pro-
duction rates, the average percentage of embryogenic calli for-
mation from unstressed calli being (73.66%) (Table 2). Waha
and Djenah Khetifa had the highest ECP rates (81% and
79.2%, respectively), whereas Oued Zenati had the lowest
(61%).
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Homogenous grouping using the Fisher LSD Method and a
5% probability level showed that under non-stress conditions
Waha had very similar behavior to Djenah Khetifa (Table 2).
The ECP was slightly higher when mature embryos were
exposed to the moderate water stress treatment (10% PEG treat-
ment) compared with the control conditions (Table 2). The calli
had a nodular appearance (Fig. 1A), which is considered a typ-
ical physical feature of embryogenic calli. The presence of 10%
PEG in the medium might increase the number and quality of
embryogenic calli, as reported by Heringer et al. [21] for papaya
(Carica papaya L.), who noted that PEG treatment facilitated
the maturation of somatic embryos and their conversion into
plantlets similar to those that originated from seed.

The beneficial effect of PEG in the maturation medium was
first reported in Picea glauca [4] and it has been shown that dif-
ferent genotypes react in various ways. Moon and Park [28],
reported a significant increase in embryogenesis, with more
than twice the average number of somatic embryos obtained
by doubling the PEG concentration. Stasolla et al. [39], how-
ever, reported that the inclusion of PEG (up to 10%) in the
maturation medium could improve the number and quality
of embryos produced.

A significant reduction in ECP was observed at 20% PEG;
this effect being found at this high PEG concentration proba-
bly corresponds to more severe physiological conditions.
Waha had the highest reduction rate (R = 58%). The resistant
varieties (Djenah Khetifa and Oued Zenati) showed minimum
reduction in callus initiation (23% and 32%, respectively) at
high (20%) PEG levels. This result confirmed that the level
of the applied stress affects somatic embryo development
and that ECP capacity is genotype dependent. The genotype
effect on ECP has been reported in previous studies [8,33].

3.6. Effect of water stress on regeneration potential

Calli with green spots developed small shoots and roots simul-
taneously on regeneration medium (Fig. 1). There was variabil-
ity among the genotypes in the number of plants regenerated
(» < 0.05) after a minimum period of 60 days after culture ini-
tiation from mature embryos (Table 2). The data indicated
that embryogenic calli regenerated at a high frequency on
the control medium, particularly Djenah Khetifa (60.7%)
and Waha (58.1%). Oued Zenati recorded a mean of 49.2%.
These results demonstrated the efficiency of the regeneration

Figure 1

Callus induction, somatic embryo formation and plant regeneration. (A) An 18-day-old embryogenic callus obtained from the

inoculated embryo on MS medium in the presence of PEG. (B) An 18-day-old non-embryogenic callus obtained from the inoculated
embryo on MS medium in the absence of PEG. (C) A non-embryogenic callus obtained from the inoculated embryo on MS medium in the
presence of 20% PEG. (D) A somatic embryo 20 days after incubation. (E) Matured somatic embryos 45 days after incubation. (F)
Germination of a somatic embryo. (G) Continuation of the regeneration in a small glass and root formation on regeneration medium
60 days after incubation. (H) Mature plants derived from embryogenic calli acclimated in a greenhouse. mse: mature somatique embryo;

se: somatic embryo.



244

N.S. Kacem et al.

Table 4 Pearson’s correlation coefficients between three mature embryo callus characteristics under stress and non-stress conditions.
CIF: callus induction frequency, TCI: time of callus initiation, CGS: callus growth surface, ECP: embryogenic callus production, PR:
plant regeneration, RT: relative tolerance, RF: regeneration frequency.

Variables CIF TCI CGS ECP PR RT
CIF 1 —0.833" 0.878 " 0.638 0.915" 0.990"
TCI 1 —0.958"" —0.471 —0.746" —0.836""
CGS 1 0.584 0.863" 0.897"
ECP 1 0.844" 0.697"
PR 1 0.955"
RT 1

RF

* Significant at the 5% probability level.
** Significant at the 1% probability level.

medium used. Effects of genotype on plant regeneration from
embryo cultures have been reported previously [7,44]. Genetic
variability can be observed at each step of the morphogenic
process of somatic embryogenesis, from the early stages of cell
proliferation and callus formation to somatic embryo forma-
tion and maturation within the embryogenic calli and through
to the ability of these embryos to germinate into plantlets. For
all the genotypes, plant regeneration (PR) ability decreased sig-
nificantly with increasing osmotic stress in selective media
(Table 2). Djenah Khetifa had the lowest reduction percentage
(14%), followed by Oued Zenati (17%), compared with the
control (0% PEG), whereas Waha had the lowest PR percent-
age and the highest reduction percentage compared with the
control (23.6%). After exposure to 20% PEG, the calli exhib-
ited significantly lower PR capacity than the control and with
10% PEG. Djenah Khetifa had a higher PR capacity than
Oued Zenati and Waha, with the reduction percentages in
PR being 26.5%, 32.37% and 50.1%, respectively.

The tested genotypes differed in their ability to regenerate
plants after exposure to PEG concentration (10% and 20%).
Djenah Khetifa and Oued Zenati were most able to do this
and were therefore the most tolerant genotypes, whereas Waha
had a high sensitivity response, especially at high PEG concen-
tration levels (20%).

Under non-stress conditions (0% PEG), however, Waha
and Djenah Khetifa produced similar results and the regener-
ation frequency confirmed these observations (Table 2). We
fully expect the selected plants to be highly tolerant, although
this remains to be seen. Positive correlation between calli
behavior in the presence of osmotic stress and between the
plants’ levels of drought resistance has been demonstrated by
several authors [2,38,40]. Adding PEG 6000 to culture media
reduces the water potential of the medium that affects cell divi-
sion, leading to reduced callus growth, which therefore affects
the regeneration ability [13]. A parallel decrease in PR with
increasing in vitro osmotic stress has been reported for rice
[8], wheat [1] and sugarcane [5]. PR provides an opportunity
to screen genotypes for water stress.

3.7. Correlation analysis

Trait correlation can be a good criterion for screening the best
genotypes and indices used. The results in Table 4 showed that
the RT% was positively and highly correlated with CIF
(r =0.990), CGS (r =0.897), PR (r=0.955) and RF
(=0.850).

These results indicate that genotypes with a high RT had
high CIF, CGS, PR and RF, suggesting that these traits could
be selected simultaneously for their positive effects on water
stress tolerance in durum wheat. Our results accord with those
reported by Farshadfar et al. [19], who found significant corre-
lations among most of the traits and suggested that RT could
be recommended as a suitable selection criterion for screening
water stress-tolerant genotypes. Significant negative correla-
tion coefficients were found between TCI and CIF (—0.833),
CGS (—0.958), PR (—0.746) and RT (—0.836).

There was no correlation between TCI and ECP, indicating
that these variables were not related. It would appear that a
variety requiring time to induce calli is not necessarily one with
low embryogenic capacity (e.g., Waha), which requires more
time to induce calli, but produces the highest rate of embryo-
genic calli (Table 4).

Also, no significant correlation was observed between CIF
and ECP. This indicated that callus induction and embryo-
genic capacity might be controlled by different mechanisms.
Our results were consistent with those reported by Moon
and Park [28], who found that more than 90% of explants
formed calli, but only 2.5% formed embryogenic calli. There
was a highly positive correlation between PR and CIF
(r = 0.915), CGS (0.863), ECP (r = 0.844), RT (r = 0.955)
and RF (r = 0.962), which might indicate that these traits
are controlled by the same mechanisms. Viertel et al. [43]
reported that the high correlation observed between the ability
of cultivars to produce embryogenic calli and their PR capacity
indicates that ECP percentages constitute a good index for cal-
lus ability to regenerate later on plantlets.

3.8. Cluster and principal component analysis

Another approach such as a biplot is needed to identify supe-
rior genotypes for both stressed and non-stressed conditions.
The relationships among different indices are shown in the
biplot in Fig. 2, which explained 95.56% of the total variation
of the standardized data. PCI1 explained 84.02% of the total
obtained variation, with the first dimension essentially defined
by CIF, CGS, PR, RF, RT and TCI. PC2 explained 11.54% of
total obtained variation, with the second dimension essentially
defined by the ECP capacity of genotypes. PCI alone should be
a good indicator of drought tolerance.

Based on the results given above, the most prominent rela-
tionships revealed by the biplot were a strong negative associ-
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Figure 2  Biplot graph based on the main components PC1, PC2. The symbols combined the durum wheat genotypes (DK, OZ, and W;
see “Section 2”) with the moderate (SI: 10% PEG) and severe (SII: 20% PEG) water stress.

ation between TCI and all the other parameters (CGS, ECP,
RT, CIF, PR, RF), as indicated by the large obtuse angles
between their vectors. There was a highly significant positive
association among RT, CIF and CGS and among PR, RF
and ECP, as indicated by the acute angles (Fig. 2). These traits
could be used to select and identify genotypes with high toler-
ance to water stress and/or good competence under in vitro cul-
ture. Cluster analysis was performed in order to assess the level
of dissimilarity among the genotypes under stress or non-stress
conditions (Fig. 3).

Group 1 included Djenah Khetifa, Oued Zenati and Waha
varieties under non-stress conditions; all these genotypes had
high production rates under non-stress conditions only. Group
2 included Djenah Khetifa SII, Djenah Khetifa SI, Oued
Zenati SI and Waha SI; Djenah Khetifa genotype had a stable
performance in all conditions, but Oued Zenati and Waha
were stable at the 10% PEG level only. Group 3 comprised
Oued Zenati SII. Group 4 comprised Waha SII and differed
greatly from the other groups; Waha is water-stress susceptible

with low capacity at 20% PEG. This classification showed the
direct effect of water stress on genotypes and confirmed all pre-
vious results and previous classification based on field trials.

This procedure was also employed in bread wheat
[15,17,18] and durum wheat [35] for screening selection criteria
of drought tolerance. Farshadfar et al. [18] reported that supe-
rior genotypes showed drought tolerance at the callus culture
level together with their high potential for callus induction
and these authors suggested that in vitro selection can be used
as an effective tool to screen a large number of genotypes to
water deficit. However, more investigations such as field and
hydroponic conditions studies are needed to corroborate this
thought.

4. Conclusion

With regard to all the studied traits, Djenah Khetifa was
selected as the most water-stress tolerant genotype under



246 N.S. Kacem et al.

0 5 10 15 20 25

1 1 1 1 1
DKSII 5
0Zs| 6
DKSI 4
WS g
DK 1
w 3
(o4 2
QZsll 7
WS 9

Figure 3  Hierarchical cluster analysis of three wheat genotypes under stress and non-stress conditions (Ward’s Method).

in vitro conditions, followed by Oued Zenati. Waha appeared
to be the most sensitive, but also the most embryogenic, under
non-stress conditions. The results verified a remarkable varia-
tion for callus induction ability in genetic materials under
water stress condition that can be used in durum wheat breed-
ing program. These genotypes should be tested in a field trial
and then looking for the association or correlation between
in vitro and in vivo conditions. The selected cells and plants will
provide a tool for determining the mechanisms involved in tol-
erance to water stress. We suggest that in vitro screening
method for drought tolerance would be an appropriate route
to develop drought-tolerant lines in durum wheat.
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