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ABSTRACT

This study was carried out to investigate the re-
lationship between explants from two different gen-
otypes (wheat and flax) cultured together and deter-
mine the effects of co-cultivation on tissue culture
response of mature embryo explants of wheat (77iti-
cum sp.) and hypocotyl explants of flax (Linum usi-
tatissimum L.). One winter bread wheat (T. aestivum
L.) cv. 'Bezostaja 1', one winter durum wheat (77iti-
cum durum Desf.) cv. 'Cakmak 79', and two flax cvs.
'Madaras' and '1886 Sel.' were used in the study. Ma-
ture embryos excised from sterilized seeds of wheat
cultivars were placed scutellum downwards on a me-
dium containing 3 mg 1" 2,4-dichlorophenoxyacetic
acid (2,4-D) and incubated at 24+1°C in total dark-
ness for 14 days for callus induction. Hypocotyl seg-
ments in 5 mm length were excised from 7-day-old
in vitro-grown seedlings of flax. Explants (callus for
wheat and hypocotyl for flax) of both genotypes
were cultured on MS medium supplemented with
0.20 mg I'' 6-benzylaminopurine (BAP) and 0.01 mg
I naphthalene acetic acid (NAA) for regeneration at
24+1°C under cool white fluorescent light (27 umol
m s ') with a 16-h light/8-h dark photoperiod for 4
weeks. Sixteen explants were cultured in a 4 x 4 ma-
trix in a Petri dish. Eight out of 16 explants for each
genotype were cultured together for co-cultivation.
16 explants from each genotype were cultured alone
as control. The results showed that co-cultivation be-
tween wheat and flax gave rise to the highest scores
in comparison with culturing explants alone.
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INTRODUCTION

Flax is an important crop all over the world in
terms of its aspects as a source of natural fiber and
industrial oil, and has the potential of meeting edible
oil and protein deficiency [1]. Moreover, it has been
used as a model system for genetic manipulation
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studies due to its small nuclear genome. Wheat (77rit-
icum aestivum L.) is the main nutrition source for
two thirds of the world population [2, 3]. Yield of
wheat has gradually increased in the last century by
using conventional breeding methods. However,
these methods have some limitations such as long
time requirement and limited gene pool [4]. It is well
known that cereals’ breeding depends on the use of
tissue culture techniques which are used to overcome
the problems of conventional breeding methods [5].

Flax regenerates more easily from hypocotyl
explants in vitro [6, 7, 8,9, 10]. Although the highest
frequencies of callus and plant regeneration have
been reported to be obtained from the culture of im-
mature embryos in wheat [11, 12, 13] mature em-
bryos which are readily available at all times have
been successfully used in callus induction and plant
regeneration [14, 15, 16, 17].

Plant tissue culture techniques help us propa-
gate plants vegetatively in a large amount by using
small parts of a tissue and by using the ability of cells
to form a whole, fertile plant which is called totipo-
tency. Explants regenerate shoots and roots, and con-
sequently whole fertile plants under certain cultural
conditions. Tissue culture studies aim to obtain high-
frequency shoot regeneration, which is also a prereq-
uisite for an efficient transformation system and
clonal propagation of plants. Introduction of foreign
genes coding agronomically important traits into
plant cells has no meaning unless transgenic plants
are regenerated from the genetically modified
cell(s). The types and concentrations of plant growth
regulators in plant cell culture significantly affect
growth and morphogenesis. In order to obtain high
frequency adventitious shoot regeneration for a re-
lated genotype, correct explant type, concentrations
and combinations of auxins and cytokinins should be
determined. However, determining the explant type,
and correct concentrations and combinations of
growth regulators is not enough for high-frequency
shoot regeneration. Since every cell has an ability of
forming a whole fertile plant under in vitro condi-
tions, shoot regeneration frequency can always be
higher than we obtain in theory. Many factors affect-
ing the regeneration capacity of explants have not
been found out yet. For instance, a recently reported
technique utilizing competition among explants was
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very effective in increasing shoot regeneration ca-
pacity [18]. Thus, this study was conducted to de-
velop an efficient method to obtain higher shoot re-
generation frequency via culturing explants together,
which we called 'co-cultivation'. The method we de-
scribed in this study was based on culturing explants
from two different genotypes together and conse-
quently increasing regeneration capacity of mature
embryo explants of wheat (7riticum sp.) and hypo-
cotyl explants of flax (Linum usitatissimum L.).

MATERIALS AND METHODS

Wheat. One winter bread wheat (7. aestivum
L.) cv. 'Bezostaja 1' and one winter durum wheat
(Triticum durum Dest.) cv. 'Cakmak 79' as sources
of mature embryos were used in the study. Mature
seeds of wheat cultivars were surface-sterilized with
70% (v/v) ethanol for 5 min, washed several times
with sterile distilled water, immersed in commercial
bleach (containing 5% sodium hypochlorite) for 25
min, and rinsed at least 7 times with sterile distilled
water. Then, the seeds were imbibed in sterile dis-
tilled water for 24 h at 4°C. For callus induction, ma-
ture embryos from imbibed and dehulled seeds were
aseptically excised slightly with a scalpel. Excised
embryos were placed scutellum downwards on a ba-
sal medium containing the mineral salts and vitamins
of Murashige and Skoog (MS) [19], 3 mg I"' 2,4-D,
2% (w/v) sucrose and 0.7% (w/v) agar. The Petri
dishes were incubated at 24+1°C in total darkness for
14 days. Developed calli were transferred to a shoot
induction medium containing MS mineral salts and
vitamins, 0.20 mg 1" BAP and 0.01 mg 1" NAA, gly-
cine (2 mg 1), 2% (w/v) sucrose and 0.7% (W/v)
agar at pH 5.8 in Petri dishes. The transferred callus
cultures were incubated at 24+1°C under cool white
fluorescent light (27 umol m> s ') with a 16-h
light/8-h dark photoperiod for 4 weeks. At the end of
the culture, culture efficiency in percentage, number
of regenerated shoots and shoot lengths were deter-
mined.

Flax. Flax (Linum usitatissimum L. cvs.
'Madaras' and '1886 Sel.') seeds obtained from the
Northern Crop Science Laboratories in North Da-
kota, USA were surface-sterilized with 40% com-
mercial bleach containing 5% sodium hypochlorite
at 10°C for 20 min with continuous stirring and they
were then washed three times with sterile distilled
water at the same temperature according to the pro-
tocol described by Yildiz and Er [15]. Sterilized
seeds were germinated on a basal Murashige and
Skoog [19] medium containing the mineral salts and
vitamins, 3% (w/v) sucrose and 0.7% (w/v) agar. All
cultures were incubated at 25+1°C under cool white
fluorescent tubes (27 pmol m™ s') with a 16h
light/8h dark photoperiod. The pH of the medium
was adjusted to 5.8 prior to autoclaving. Hypocotyl

8240

segments in 5-mm lengths were excised from 7-d-
old seedlings and imbibed in sterile distilled water
with gentle shaking for 20 min. Then, the segments
were cultured on an MS medium supplemented with
0.20 mg I BAP and 0.01 mg I'' NAA for regenera-
tion. Shoot regeneration percentage, shoot number
per explant, shoot length and total shoot number per
petri dish were recorded 4 weeks after culture initia-
tion. Sixteen explants were cultured in a 4 x 4 matrix
in a Petri dish. Eight out of 16 explants for each gen-
otype were cultured for co-cultivation. 16 explants
from each genotype were cultured alone as control
(Figure 1).

Statistical Analysis. Four replicates were
tested. Petri dish was considered as the unit of repli-
cation. The number of explants per replication for
co-cultivation was 8 for each genotype, and for cul-
tivation alone, it was 16 for each genotype. All ex-
periments were repeated two times. The data were
statistically analyzed by Duncan’s multiple range
test using the 'SPSS for Windows' computer program
[20].

RESULTS

The Effects of Co-cultivation on Tissue Cul-
ture Response of Wheat Cultivars. The culture ef-
ficiency of mature embryo-derived callus of wheat
cvs. 'Cakmak 79' and 'Bezostaja 1' co-cultured with
the hypocotyl explants of flax cvs. 'Madaras' and
'1886 Sel." was significantly higher (P<0.01) than
that of callus cultured alone (Table 1). Culture effi-
ciency of callus cultured alone was recorded as
59.38% and 53.13% while it was 96.88% and
100.00% in co-cultivation with 'Madaras'; 100.00%
and 100.00% in co-cultivation with '1886 Sel.' in cv.
'Cakmak 79' and in cv. 'Bezostaja 1', respectively
(Table 1). 9.50 and 8.50 shoots were regenerated out
of 16 explants cultured alone in cv. 'Cakmak 79' and
in cv. 'Bezostaja 1', respectively (Figure 2B and b).
7.75 and 8.00 shoots regenerated from 8 callus ex-
plants in cv. 'Cakmak 79' when callus was cultured
together with hypocotyl explants of flax cvs.
'Madaras' and '1886 Sel.', respectively (Table 1)
(Figure 2A, al and a2). In cv. 'Bezostaja 1', 8.00 and
8.00 shoots were regenerated from callus where they
were cultured together with hypocotyls of both flax
cultivars. The results clearly showed that co-cultiva-
tion between wheat and flax genotypes increased re-
generation capacity significantly. Although only 8
explants from each cultivar were cultured in co-cul-
tivation, the number of regenerated shoots was al-
most two times more than that in the explants cul-
tured alone. Higher shoot lengths in co-cultivation
could be attributed to the effect of explants from dif-
ferent genotypes on each other. The mean shoot
length was recorded as 7.50 in callus cultured alone
while it was about 10.50 in co-cultivation.
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FIGURE 1
Schematic plan of explants cultured at ‘1.0 x1.0’ distance for shoot regeneration.
a) culture alone, b) co-cultivation between flax and wheat explants. F=Flax, W= Wheat

TABLE 1
Culture responses of mature embryo-derived callus of wheat (Triticum sp.) cvs. 'Cakmak 79' and
'‘Bezostaja 1' cultured alone and co-cultured with flax (Linum usitatissimum L.)
cvs. 'Madaras' and '1886 Sel.'

Culture efficiency (%)1

Cultivars -

Cultured alone Co-cultured with 'Madaras' Co-cultured with '1886 Sel.'
'Cakmak 79' 59.38 b+7.33 96.88 a+3.83 100.00 a+0.00
'Bezostaja 1' 53.13 b+4.94 100.00 a+0.00 100.00 a+0.00
Mean 56.26 98.44 100.00
Cultivars No. of regenerated shoots / No. of calli cultured

Cultured alone Co-cultured with 'Madaras' Co-Cultured with '1886 Sel.'
'Cakmak 79' 9.50/16 b+0.07 7.75/8.00 a+0.04 8.00/8.00 a+0.00
'Bezostaja 1' 8.50/16 b+0.05 8.00/8.00 a+0.00 8.00/8.00 a+0.00
Mean 9.00/16.00 7.88/8.00 8.00/8.00
Cultivars Shoot length (cm)

Cultured alone Co-cultured with 'Madaras' Co-cultured with '1886 Sel.'
'Cakmak 79' 7.21 b+0.45 10.24 a+1.58 10.94 a+1.10
'Bezostaja 1' 7.68 b+0.68 10.34 a+1.47 10.81 a+0.85
Mean 7.45 10.29 10.88

'(Number of calli regenerated/Number of calli cultured) x 100
Means followed by different letters in a row for each cultivar are significantly different at 0.01 level

The Effects of Co-cultivation on Tissue Cul-
ture Response of Flax Cultivars. The culture effi-
ciency of hypocotyl explants of flax cvs. 'Madaras'
and '1886 Sel.' co-cultured with mature embryo-de-
rived callus of wheat cvs. 'Cakmak 79' and 'Bezos-
taja 1' was significantly higher (P<0.01) than that of
hypocotyls cultured alone (Table 2). Shoot regener-
ation percentage of hypocotyls cultured alone was
70.31% and 92.19% while it was 100.00% and
100.00% in co-cultivation with 'Cakmak 79' and
with 'Bezostaja 1'. The data related to shoot number
per explants was recorded as 1.64 and 2.00 in ex-
plants cultured alone in cv. 'Madaras' and in cv. '1996
Sel.', respectively (Figure 2C and c). 3.81 and 4.35
shoots regenerated from single explants in cv.
'Madaras' when hypocotyls were cultured together
with callus of wheat cvs. 'Cakmak 79' and 'Bezostaja
1', respectively (Table 2) (Figure 2A, al and a2).

5.07 and 5.03 shoots regenerated from single ex-
plants when cv. '1886 Sel.' was cultured together
with callus of both wheat cultivars. Shoot number
per explant was significantly higher (P<0.01) in co-
cultivation application than cultivation alone in both
flax cultivars. The stimulatory effect of co-cultiva-
tion application could be seen in shoot length. The
shoot lengths regenerated in hypocotyl explants cul-
tured alone were lower than in the explants from two
genotypes cultured together (Table 2). The mean
shoot length in explants cultured alone was about
1.50 cm while it was approximately 3.50 cm in the
co-cultivation application. The total shoot number
per petri dish increased to 29.75 and 34.75 in hypo-
cotyls of cv. 'Madaras' co-cultured with cv. 'Cakmak
79" and with cv. 'Bezostaja 1', respectively, while it
was 22.75 in explants cultured alone. Similarly, total
shoot number per petri dish increased to 40.50 and
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40.25 in hypocotyls of cv. '1886 Sel.' cultured with
cv. 'Cakmak 79' and with cv. 'Bezostaja 1' from
32.00 in explants cultured alone (Table 2).

DISCUSSION

High-frequency shoot regeneration is the main
target of tissue culture studies. High-frequency shoot
regeneration is also a prerequisite for an efficient
transformation system. Shoot regeneration capacity
of cells or tissues to be used in transformation studies
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affects the success of genetic transformation signifi-
cantly [9, 21]. Viability and age of explant, and the
tissue source from which the explant is excised are
very important parameters for high-frequency shoot
regeneration [22]. Fatima et al. [23] reported that
growth and morphogenesis are controlled by the
types and concentrations of plant growth regulators
in plant cell culture. In order to obtain high fre-
quency adventitious shoot regeneration for a related
genotype, correct concentrations and combinations
of auxins and cytokinins have been aimed to be de-
termined.

FIGURE 2

Shoot regeneration from flax hypocotyl and wheat callus explants 4 weeks after culture initiation.
A) Tissue culture responses of flax hypocotyl and wheat callus explants cultured together, al) Shoot
formation from a wheat callus explant cultured together with flax hypocotyl explant, a2) Shoot
development from flax hypocotyl explant cultured together with wheat callus explant, B-b) Tissue
culture response of wheat callus explants cultured alone, C-c) Tissue culture response of flax
hypocotyl explants cultured alone. Bars = 1.0 cm
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TABLE 2
Culture responses of hypocotyl explants of flax (Linum usitatissimum L.) cvs. 'Madaras' and '1886 Sel.'
cultured alone and co-cultured with mature embryo-derived callus of wheat (Triticum sp.) cvs. 'Cakmak
79' and 'Bezostaja 1'

Shoot regeneration (%)

Shoot number per explant

T 2 g = T 2 g -
3 = = = = 3 = = = 0=
Cultivars = £=s3 EsF - £=s3 2T
= o = o= = =% 2 =X =X 9
3 5% 5 5% ¢ 3 5% 5 5% ¢
] <
~ S © S & ~ S © S &
'Madaras' 70.31 b+6.54 100.00 a+0.00 100.00 a+0.00 1.64 b+0.29 3.81 a+0.32 4.35 a+0.49
'1886 Sel.' 92.19 b+7.25 100.00 a+0.00 100.00 a+0.00 2.00 b+0.17 5.07 a+0.13 5.03 a£0.25
Mean 81.25 100.00 100.00 1.82 4.44 4.69
Shoot length (cm) Total shoot number per petri dish
L= 2E- =T h=TI-N =T
- : T 2= 3, : T : =
Cultivars Eg §§N §§5 ;g ggﬂ ggﬁ
ik 3% E 3% ¢ £ 3 3% E 33 ¢
o] o]
© S © S & © S © S &
'Madaras' 1.25 b+0.08 3.27 a£0.16 3.07 a+0.31 22.75 b+£3.06 29.75 a+2.61 34.75 a£3.92
'1886 Sel.' 1.72 b+0.50 3.81 a+0.26 3.75 a+0.46 32.00 b+2.78 40.50 a+1.06 40.25 a+2.02
Mean 1.49 3.54 3.41 27.38 35.13 37.50

Means followed by different letters in a row for each cultivar are significantly different at 0.01 level

Plants compete each other with respect to wa-
ter, nutrients and light. There are many studies re-
porting such competition among plants in field con-
ditions [24, 25]. Plant density was reported as a bio-
tic stress factor in natural conditions and this was one
of the reasons for competition among plants [21].
Plant development and yield of many vegetable
crops were affected significantly by plant density
[26]. It was noted that fruit yield is increased by in-
creasing plant density [28, 29, 30]. However, if plant
density causes competition, plant yield starts to de-
crease. Early and total yield per pepper plant de-
creased by increasing plant density caused by higher
interplant competition due to less spacing [31]. Abu-
baker [32] reported that the highest planting density
caused the lowest yield in beans because of the high
competition among plants for water and minerals.
Asghari et al. [33] reported that the chicory plant had
increased root diameter for increased absorption of
water under high density due to high competition be-
tween plants.

Although many studies about the effects of
plant density and competition have been conducted
in field conditions, such competition has firstly been
reported by Yildiz [10] regarding in vitro culture. In
these studies, hypocotyl explants of different flax
(Linum usitatissimum L.) cultivars were cultured at
four different distances as '0.5 x 0.5','1.0x 1.0','l.5
x 1.5" and 2.0 x 2.0' cm in order to determine the
effects of competition among explants for constant
amount of water and nutrients on shoot regeneration
capacity. In all genotypes, the highest results with
respect to tissue culture response were recorded at a
culture distance of '1.0 x 1.0' cm. From the results, it
could be concluded that 1.0 cm culture distance en-
couraged explants to compete each other for constant
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amount of water, sucrose and nutrients in the growth
medium. Yildiz [10] showed that shoot regeneration
capacity could be increased not only by determina-
tion of correct concentrations and combinations of
auxins and cytokinins in the growth medium, but
also by encouraging explants into competition. This
is why, in this study, explants from both genotypes
were cultured alone or together at a culture distance
of'1.0x 1.0' cm.

To our knowledge, this is the first study report-
ing that shoot regeneration frequency could be in-
creased by culturing explants from two separate gen-
otypes together. Finding two separate genotypes that
could be cultured together is the main obstacle in
front of the protocol described in this study.
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