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Abstract Genotypic restrictions on plant regeneration
from cultured cells have hindered the genetic transforma-
tion of most barley cultivars. Optimizing culturing proto-
cols for specific cultivars of commercial interest may fa-
cilitate their genetic transformation. Plant regeneration
from embryogenic callus of ‘Harrington’, ‘Morex’, and
‘Hector’ as affected by certain protocol modifications was
examined in replicated experiments. Regeneration wasim-
proved for al cultivars by separately autoclaving certain
components of the culture media and by reducing the
amount of embryogenic callus cultured per petri dish. Re-
generation improvements in response to various concen-
trations of copper and 2,4-dichlorophenoxyacetic acid
were more genotype specific. This study suggests that the
development and use of genotype-specific protocols can
enhance plant regeneration. Enhancementsin plant regen-
eration areexpected tofacilitatethetransformation of com-
mercial barley germplasm.
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Introduction

The recovery of fertile plants from transgenic callusis a
critical component of many cereal transformation systems.
Microprojectile-mediated DNA delivery into immature
embryo-derived callus or scutellar tissue of immature em-
bryos and subsequent plant regeneration have resulted in
transgenic rice, oat, wheat, and barley plants (Christou
etal. 1991; Somerset al. 1992; Weekset al. 1993; Wan and
Lemaux 1994). However, efficient regeneration of plants
from transformed embryogenic callus often is limited to
specific genotypes that exhibit vigorous plant regenera-
tion. For barley, the system as described by Wan and Le-
maux (1994) is not an efficient method for the transforma-
tion of certain cultivarsof commercial importancein North
America, such as ‘Harrington’ and ‘Morex’ because few
green plants can be recovered from transgenic tissues
(P. G. Lemaux, personal communication; L. S. Dahleen,
unpublished).

Specific modificationsof the culture medium have been
shown to influence plant regeneration from embryogenic
barley callus. Bregitzer et al. (1995) reported that the re-
generation of green plants was positively associated with
2,4-D concentration in three cultivars. Ziauddin and Ka-
sha (19904, b) also reported an influence of 2,4-D on plant
regenerationfromembryogenic barley callus, but their data
suggested that the association was negative. Interactions
between 2,4-D concentrations and the specific genotypes
examined in the two studies may explain the apparently
discrepant results.

Dahleen (1995) determined that increasing the copper
concentration by as much as 50-fold that found in MS me-
dium (Murashige and Skoog 1962) improved plant regen-
eration from two barley cultivars, ‘Hector’ and ‘Excel’.
Theresponse was genotype-specific, with optimal concen-
trations for thetwo studied cultivars differing tenfold. The
basis for this response is unknown, but it has been sug-
gested that 1-25 UM cupric sulfate in hydroponic nutrient
solutions inhibits the formation of the ethylene precursor
1-aminocyclopropane-1-carboxylic acid in rice (Lidon
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et a. 1995). Ethylene has been identified as a potent mod-
ulator of thein vitro response in anumber of plant species,
including barley (Biddington 1992; Cho and Kasha 1989;
Evans and Batty 1994).

M ediapreparation methods may influencetheavailabil -
ity of, or induce interactions between, certain nutritional
components. Schenk et al. (1991) reviewed literature that
linked carbohydrate breakdown induced by autoclaving to
adverse effects on cultured plant cells. They demonstrated
reductions in sucrose degradation and precipitate forma-
tion asaresult of separating theiron-EDTA and potassium
phosphate components from the other componentsin MS
medium during autoclaving.

Theexperimentsreported herewereinitiated to develop
methods that enhance green plant regeneration from cal-
lus of two commercially important cultivars, ‘Morex’ and
‘Harrington’. These cultivars are the current cultivar stan-
dards for malt quality as defined by the American Malting
Barley Association (740 N Plankinton Rd, Suite 830, Mil-
waukee, WI, 53203 USA) and are representatives of im-
portant poolsof North American six-rowed and two-rowed
germplasm, respectively. Both cultivars have a history of
relatively poor plant regeneration. In addition to these cul -
tivars, ‘ Hector’ wasincluded tofacilitate comparisonswith
the study of Dahleen (1995). ‘Hector’ is well-adapted to
the dryland conditions common to the western plains of
North America. It has been widely grown and used as a
parent to produce newer cultivars; however, ‘ Hector’ isbe-
ing gradually replaced by agronomically superior culti-
vars.

The specific objectives of these experimentswereto de-
termine the effects on green plant regeneration of (1) me-
dia preparation methods, (2) the amount of embryogenic
callus cultured per petri plate, and (3) the concentrations
of 2,4-D and copper in the culture media

Materials and methods
Explant-donor growth conditions

Single plant-derived lines (SPDLSs), selected from breeders seed of
each cultivar, were used as explant sources for all experiments. At
least five individual plants from each SPDL were used for each ex-
periment or replicate. For ‘Morex’, SPDL 2 was used based on its
significantly superior regeneration compared to several other Mor-
ex SPDLs (P. Bregitzer, unpublished). The ‘Harrington’ and ‘Hec-
tor’ SPDLswere chosen randomly. Field observations and agronom-
ic data indicate that these SPDLs are representative of their respec-
tive cultivars (P. Bregitzer and L. S. Dahleen, unpublished).
Experiments were conducted at two locations, Aberdeen, Idaho,
and Fargo, North Dakota. At Aberdeen, donor plants were grown in
a0.42-m? growth chamber. Fourteen hours of light was provided dai-
ly by three 400-W high-intensity, high-pressure sodium bulbs and
three 400-W high-intensity metal halide bulbs. Light:dark tempera-
tures were 20°:10°C with 1-h ramping intervals between tempera-
tures. Two plants were grown per plastic pot (12x12x15 cm) con-
taining approximately 2.0 | of amix of sand:peat:vermiculite (3:2:2
ratio) supplemented with a commercially available slow-release
blend of macro- and micronutrients. Biweekly additions of approx-
imately 250 ml half-strength Hoagland's sol ution (Sigma Chemical,
St. Louis, USA) were added when plants reached the boot stage.

At Fargo, donor plants were grown in agreenhouse at 20°-24°C
day and 13°-17 °C night temperatures. A daylength of 16 hwasmain-
tained by supplemental lighting with mercury halide lamps. One
plant was grown per clay pot (15 cm in diameter by 18 cm depth)
containing approximately 1.2 | of asoil-less mix of peat and vermic-
ulite supplemented withacommercially available slow-rel ease blend
of macro- and micronutrients. No additional fertilizer supplementa-
tion was made.

Callusinitiation and plant regeneration

Calluswasinitiated from immature zygotic embryos as described by
Bregitzer et al. (1995). Five embryos (1-3 mm in length) were plat-
ed scutellum-down on 30 ml MS mediumin a15x100 mm petri plate
(Aberdeen) or 50 ml M'S medium in a 25100 mm Petri plate (Far-
go). The medium was solidified with 3.5 g I Phytagel (Sigma?),
modified as described b){ Bregitzer (1992), and supplemented with
3% maltose and 3 mg I (6.8 pM) 2,4-D. The method used to pre-
pare the medium was modified by autoclaving separately the follow-
ing components: (1) iron and potassium phosphate, (2) maltose, and
(3) al other ingredients. These components were cooled to approx-
imately 65°C and then combined.

The developing calli were maintained in the dark (Fargo) or in
dim light (Aberdeen — approximately 1 umol m s™) provided by
shaded fluorescent lamps. Germinating zygotic meristems were re-
moved from the developing calli 1-3 weeks after the embryos were
placed on the medium (initiation date). Four weeks after initiation,
embryogenic sectors from the three or four most vigorously grow-
ing calli were subcultured on M S medium prepared as above but with
2.5mg ™! (11.1 pM) 6-benzylaminopurine and without 2,4-D sup-
plementation. Calli were cultured on this medium for 1 week and
thentransferred to 25x100-mm petri plates containing 50 ml MSme-
diumwith no hormones (M SO); they werethen incubated under mod-
erate light (approximately 5 umol m= s7%) provided by fluorescent
lamps. Following a culture period of 4 weeks on this medium, well-
developed green plantlets (as described by Bregitzer et al. 1995) and
any abino plantlets (including those that were poorly developed)
were counted and discarded. L esswell-devel oped green plantletsand
green, shoot-like structures were transferred to half-strength MSO
in 25x100-mm petri plates (Aberdeen) or Magenta boxes (Fargo)
(Sigma) and cultured for an additional 4 weeks, at which time a fi-
nal count of well-developed plantlets was made.

Specific modifications to this protocol were made as follows:
(1) for comparisons of media preparation methods, all media com-
ponents were combined and autoclaved in the “standard” treatment;
(2) for comparisons of the amount of embryogenic callus cultured
per plate, one to five embryos were cultured per petri plate, al cal-
lus was transferred to initiate plant regeneration, and callus fresh
weights were measured at the time of transfer; (3) for comparison of
2,4-D and copper concentrations, various concentrations of thesein-
gredients were added as specified in the results.

Statistical analyses

Each petri plate was considered to be an experimental unit. Datawere
collected on a per plate basis, and the number of plants per embryo
and the percentage of plants that were green were calculated. Each
replicate/genotype/treatment combination consisted of 12 plates.
Experiments separated by time were considered as separate repli-
cates. Experimentsthat generated non-normally distributed data that
could not be satisfactorily transformed to permit linear analyseswere
analyzed with the CATMOD analysis within SAS (Statistical Anal-
ysis Systems, SAS 1988) This procedure provides chi square-based
analyses of variance which cannot be used to generate multiple com-
parisons or confidence intervals. Normally distributed data were an-
alyzed viathe GLM procedure within SAS.



Table1 Plant regeneration from callusof three barley genotypesin
response to autoclaving method
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Table2 Plant regeneration from callus of three barley genotypesin
response to increasing amounts of callus

Genotype?® Treatment Number of  Callus Green Green plants  Number
embryos freshweight plantsper per gram of plants
Standard Separate component  cultured (mg)® embryo®  fresh weight® per plate
autoclaving autoclaving per plate
Harrington 0.3/78°¢ 0.8/78 1 705 2.9 4.4 2.9
Hector 1.2/90 2.1/83 2 1229 20 35 4.0
Morex 0.7/48 1.2/66 3 1891 1.8 3.1 54
4 2322 1.3 2.6 5.2
@ Each genotype is derived from a single plant selection of thecul- 5 2622 1.0 2.2 5.0

tivar

b Dataarepresented as: green plantsper embryo/percentage of green
plants

¢ Probability levels from CATMOD ANOVA. For green plants per
embryo/percentage of green plants, respectively. Genotype: P =
0.001/NS; Treatment: P = 0.001/NS; GxT: P = 0.01/0.01

Results and discussion
M edia preparation methods

This experiment consisted of four replicates and was con-
ducted at Aberdeen. Mediaproduced by co-autoclaving all
ingredients was alight yellowish-brown, and a precipitate
was hoticed in medium without Phytagel (produced for ob-
servation only) when it was allowed to cool overnight. The
media prepared with the modified, separate-component
autoclaving technique did not form a precipitate and was
essentially colorless.

Callus produced on both treatments was friable and
yellowish-white and grew vigorously. Plant regeneration
in response to culture on the standard versus the modified
media is shown in Table 1. Analyses of variance using
CATMOD indicated significant effects of genotype (P =
0.001), treatment (P = 0.001), and their interaction (P =
0.01) for green plants per embryo. This interaction arose
from differences in the magnitude of treatment effects
among genotypes, not from differences in the ranking of
treatment effects, and thus for all genotypes the separate-
component autoclaving technique was superior. Separat-
ing theiron and potassium phosphate components, and the
maltose or sucrose component, from each other and from
the other components of M'S medium increased green plant
regeneration 1.8 to 2.8 fold.

For the percentage of green plants, only the genotypex
treatment interaction was significant (P = 0.01). Separate-
component autoclaving increased the percentage of green
plantsfrom ‘Morex’ callus. The small decrease in the per-
centage of green plants from ‘Hector’ callus was not sta-
tistically significant.

Amount of callus cultured per petri plate

This experiment consisted of four replicates for ‘Morex’
and two replicates for ‘Harrington’ and ‘Hector’ and was
conducted at Aberdeen. All treatments produced friable,
yellowish-white, and vigorously growing callus. Analyses

& Measured 4 weeks after callus initiation. The increase in callus
fresh weight from one to four embryos was linear (P = 0.001)

b Probability levelsfrom ANOVA: For green plants per embryo/per-
centage of green plants, respectively, P = 0.001/0.001

of variance using CATMOD indicated significant effects
(P = 0.001) of genotype and the number of cultured em-
bryos for both the number of green plants per embryo and
the number of green plants per gram fresh weight. The gen-
otype-by-embryo number interactions were not signifi-
cant. Data for callus fresh weight and plant regeneration
are shown in Table 2.

Analysis of variance using GLM indicated that callus
fresh weight increased linearly (P = 0.001) when from one
to four embryos were cultured per petri plate. Culturing
five embryos per petri plate appeared to introduce limita-
tions to callus growth, and the increase in callus fresh
weight was no longer linear. The total number of green
plants recovered per petri plate did not appear to increase
in alinear fashion. The numbers of green plants recovered
per embryo and the numbers of green plants recovered per
gram of callus were negatively associated with the amount
of callus cultured per plate.

It isnot surprising that a negative rel ationship was seen
between the number of green plantsrecovered per gram of
callus and the number of embryos cultured per plate. How-
ever, the lack of correlation of callus growth rate and
morphology with regeneration efficiency was surprising.
These dataindicatethat callus morphology and growthrate
are less sensitive to overcrowding than is plant regenera-
tion. This has important implications for the recovery of
plantsfrom transgenic callus. If it isassumed that the num-
ber of totipotent cells per gram of callusdoesnot vary with
the amount of callus per plate, then maximizing the chance
that any given transgenic cell will regenerate requiresmin-
imizing competition from other cells.

Optimization of copper and 2,4-D concentrations

This experiment consisted of two replicates at each of two
locations (Aberdeen and Fargo). All treatment combina-
tions produced friable, yellowish-white, and vigorously
growing callus. There were no consistent differences at-
tributable to location, and interactions with location were
considered as part of the experimental error. Analyses of
variance using CATMOD indicated that the number of
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Table 3 Plant regeneration from callus of three barley genotypesin
response to various concentrations of copper and 2,4-D, respective-

ly

Treatment Genotype?
Harrington  Hector Morex
0.1 uM Cu 0.9/91°¢ 2.8/90 2.8/73
5.0 uM Cu 1.9/93 5.4/93 5.9/79
50 uM Cu 2.2/97 5.1/91 5.4/74
3mg 1™ 2,4-D (13.6 M) 1.5/95 45/93  5.3/75
45mg ™ 2,4-D (20.4 uM) 1.6/93 4.2/92  45/76
6 mg 1™ 2,4-D (27.1 uM) 1.8/93 45/88  4.3/76

@ Each genotype is derived from a single plant selection of the cul-
tivar

b Datais presented as: green plants per embryo/percentage of green
plants

¢ Probability levels from CATMOD ANOVA. For green plants
per embryo/percentage of green plants, respectively. Genotype: P =
0.001/0.001; copper concentration: P = 0.001/0.001; 2,4-D concen-
tration: P = 0.01/NS; genotypexcopper: P = 0.001/0.001; genotypex
2,4-D: P = 0.001/0.001; all other interactions: non-significant

Table4 Plant regeneration from callus of ‘Morex’ ®in response to
various concentrations of copper and to autoclaving method

Copper Autoclaving Green plants Percentage
concentration method per embryo green plants
0.1puM Standard 0.7° 48

0.1 puM Modified 6.2 58

5.0 uM Standard 25 58

5.0 uM Modified 7.3 66

2 The genotypetested was derived from asingle plant selection from
‘Morex’

b Probability levels from CATMOD ANOVA for treatment: P =
0.001 and 0.004 for green plants and percentage green plants, respec-
tively

green plants per embryo was significantly influenced by
genotype (P = 0.001), the concentrations of copper (P =
0.001) and 2,4-D (P = 0.01), and the interactions of geno-
typewith the concentrationsof copper (P =0.001) and with
2,4-D (P = 0.01). These sources of variance, except for
2,4-D concentration, were significant also for the percent-
age of green plants. The interaction between copper and
2,4-D concentrationswas not significant, and the mean re-
generation responses are presented as main effects of cop-
per and 2,4-D concentrationsin Table 3.

Elevated copper concentrations increased the number
of green plants per embryo from 1.9to 2.4 fold and slightly
increased the percentage of green plants. For ‘Morex’ and
‘Hector’, 5 uM appeared to be optimal, and ‘ Harrington’
responded best to 50 uM. The response to 2,4-D was less
clear, with the number of green plants per embryo posi-
tively associated with 2,4-D concentrationfor ‘ Harrington’
but negatively associated for ‘Morex’.

Additional experimentswere conducted to determineif
the optimal concentration of 2,4-D for ‘Morex’ was less
than 3 mg 1~* on mediacontaining 5 pM copper. The num-
bers of green plants per embryo on media containing 3,
1.5, and 0.75 mg I 2,4-D were 2.7, 2.6, and 1.7. Thus,
3 mg |7 2,4-D appeared to be optimal for ‘Morex’.

Plant regeneration and 2,4-D concentration showed
neither the clearly positive relationship seen by Bregitzer
et al. (1995) nor the negative relationship seen by Ziaud-
dinand Kasha (19904, b). Rather, agenotype-specific, non-
linear response was seen. Such aresponse may explain the
differing conclusions reached by these authors and illus-
trates the potential importance of developing genotype-
specific protocolsfor callusgrowth and plant regeneration.

Response to optimized copper concentration
and autoclaving method

This experiment consisted of two replicates at each of two
locations (Aberdeen and Fargo) and tested the regenera-
tion response of ‘Morex’. The treatments were 0.1 or
5.0 uM copper, and the standard or modified autoclaving
method in a2x2 factorial design. Data on the regeneration
responses are shown in Table 4.

Analysis of variance using CATMOD indicated that
there were significant treatment effects for the number
and percentage of green plants (P = 0.001 and P = 0.004,
respectively); interactions were not significant except as
noted below. As noted in previous experiments, increasing
copper levels or modifying autoclaving techniques im-
proved the regeneration response; these effects were sig-
nificant at both locations. For the percentage of green
plants, the best treatment combination was high copper and
modified autoclaving. This treatment combination also
produced the greatest number of green plants; however,
there was alocation x treatment interaction. At Aberdeen,
this treatment combination produced approximately 2.6-
fold more plants than the next best treatment (5 UM cop-
per and coautoclaving). At Fargo the difference was less
(1.1 fold), and was not statistically significant (P = 0.4).
Neverthel ess, the reduction in albinism in responseto high
copper combined with the modified autoclaving technique
justifies ageneral recommendation of this treatment com-
bination.

General comments

These studies clearly indicated that several components of
our standard tissue culture protocol for barley callus were
not optimal for any of the cultivars studied. Although the
datafrom this and other studies do indicate that an optimal
protocol must be developed on a genotype-specific basis,
they also indicate that certain modifications may be gen-
erally applicableto cultivarswith diverse pedigrees. Based
on these data, we suggest that standard media for short-
term barley callus culture should contain 5 uM copper, that
as little tissue be maintained per petri plate as practical,
and that the carbon source and iron source should not be
autoclaved with other mediacomponents. Theoptimal con-
centration of 2,4-D will be genotype-specific, but 3 mg I
may be adequate for most cultivars.

These modifications to optimize plant regeneration
from barley calluswill be most useful in the context of re-



covering plants from transgenic barley tissues. The use of
elevated copper levels has been found to greatly facilitate
therecovery of transgenic, green barley plantsfrom anum-
ber of previously recalcitrant cultivars, including ‘Har-
rington’ (P. G. Lemaux et al., personal communication). It
is likely that some or al of the other modifications sug-
gested by these studies can be used to provide additional
improvementsintheregeneration of plantsfromtransgenic
barley callus.
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