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Abstract Efficient and reproducible plant regeneration
has been established from stem internode explants of Mor-
icandia arvensis, a crucifer of special interest due to its
C;-C, intermediate photosynthetic activity. Somatic em-
bryogenesis was induced in one-third of explants cultured
on Murashige and Skoog based medium containing 9 mm
2,4-dichlorophenoxyacetic acid. High frequencies of plant
regeneration (>90%) resulted when somatic embryoswere
germinated on medium lacking growth regulators. Regen-
erated plants were diploid, fertile and morphologically
similar to seed-derived plants of M. arvensis. Thisis the
first report of somatic embryogenesisin M. arvensis. This
plant regeneration system should facilitate gene identifi-
cation and localisation studies of C5-C, physiology by in-
sertional mutagenesis, a prerequisite for the isolation and
transfer of genesinvolved in C;-C, metabolism from Mor-
icandia to cultivated brassicas.
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Introduction

Moricandia arvensis (2n=28), a member of the subtribe
Moricandiinae in the family Cruciferae, isawild relative
of the crop brassi cas and has a photosyntheti c/photorespir-
atory system intermediate between C; and C, plants (Hol-
aday et al. 1981). Differential expression of active glycine
decarboxylase in leaf tissues, combined with a Kranz-like
leaf anatomy, resultsin efficient recapture of carbon diox-
ide from photosynthesis and a low carbon dioxide com-
pensation point in this plant. Apel (1994) suggested that
improved water efficiency, from C, photosynthesis, was of
primary importance in the distribution and dominance of
C 4 speciesin semi-arid habitats and that thisimprovement
resulted from a stepwise process via C5-C, intermediate
species. Genetic analysis of the C5-C, character of M. ar-
vensis would be of interest in studying the evolution of
photosynthetic systems, while transfer of genesfor C5-C,
physiology in crop improvement programmes could in-
crease the adaptability of cultivated plants to drought.

Somaticembryoshavebeen studied extensively asmod-
els for understanding the genetic and chemical regulation
of early plant devliopment (for reviews see Carman 1990;
West and Harada 1993; Zimmerman 1993). Somatic em-
bryogenesis has been reported, in some Cruciferae, toim-
prove plant regeneration from explants and protopl ast-de-
rived tissues compared with regeneration via organogene-
sis(O’Neill and Mathias 1993; Hadfi and Batschauer 1994;
Pua 1994). Additionally, in other systems, somatic-em-
bryo-derived plants exhibit reduced somaclonal variation
since the plants are, in general, of single-cell origin
(Pavingerovéaet al. 1994).

Insertional mutagenesis by transformation of a recipi-
ent cell with aDNA fragment is one of the possible routes
to identify new genes on the basis of their loss of function.
Genes involved in physiological processes can be identi-
fied by this approach, provided that recipient cells are to-
tipotent and that a large collection of independent inser-
tions can be generated and screened. The devel opment of
an efficient plant regeneration systemwill allow mutagenic
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studies to be undertaken to elucidate the major gene(s) in-
volved in M. arvensis C5-C, metabolism. Plant regenera-
tionfrom M. arvensis, viaorganogenesi s, hasbeen reported
by Khehra and Mathias (1992). This first report of M. ar-
vensis somatic embryogenesis provides an alternative re-
generation system for physiological and genetic manipu-
lation studies.

Materials and methods
Plant material

Seeds of M. arvensiswere surface sterilised with a30 srinsein 70%
(vol/vol) ethanol, followed by 20 min in 20% (vol/vol) Domestos
bleach (Lever, Runcorn, UK). Seedswerewashed threetimesin ster-
ile water. After sterilisation, the seeds were placed, 30 per jar, in
175-ml glass, screw-capped Powder Round glassjars(Beatson Clark,
Rotherham, UK), each jar containing 50 ml of Murashige and Skoog
(1962) (M S)-based medium supplemented with 3% (wt/vol) sucrose,
50 pm indole-3-acetic acid, 14 mm kinetin, 2.3 um folic acid, and
0.8% (wt/vol) agar (Sigma, Poole, UK), at pH 5.6 (designated BGS).
All cultures were maintained under a 16-h photoperiod (21.45 pE
m2 st Cool White fluorescent tubes) at 22 + 2°C. Shoot tips (three
nodes in length) of 45-day-old plants were transferred to fresh BGS
medium with subculture every 56 days.

Preparation and culture of explants

Internodal sections (0.5 cminlength) were excised from stock plants
and randomly plated, ten per dish, onto 25-ml aliquots of MSD2 me-
dium [MS-based medium containing 9 mm 2,4-dichlorophenoxy-
acetic acid (2,4-D)] in 9-cm-diameter Petri dishes (Bibby-Sterilin,
Stone, UK). After 56 days, explants bearing somatic embryos were
subculturedto 9-cm Petri disheseach containing 25 ml of either agar-
solidified M S-based medium lacking growth regulators (designated
M$S0), or R1 medium [half-strength M S salts, 3% (wt/vol) sucrose,
0.8% Sigma agar, 0.5 mm 2,4-D, 2.9 mm gibberellic acid (GA5),
pH 5.6; Matsumoto et al. 1991].

Plant regeneration from somatic embryos

After 14-21 days of explant growth on MS0 or R1 media, germinat-
ed embryos were excised from the explants and transferred, five per
9-cm Petri dish, onto a 7-cm-diameter Whatman no. 1 filter paper
overlaying 25 ml of either MSO agar medium or GA medium (MS-
based medium with 2.9 mm GA5; Matsumoto et al. 1991). A filter
paper was included in each dish, since such a support was reported
to promote dehydration and to increase plant regeneration in Oryza
sativa (Tsukaharaand Hirosawa 1992). Embryo-derived plants were
transferred, two per jar, to 175-ml glass jars each containing 50-ml
aliquots of either agar-solidified MSO or BGS medium to promote
rooting.

Transfer of plants to the glasshouse

Plantsweretransferred to the glasshouse when 4-5 cmin height. Ex-
cess agar medium was removed from their roots by washing in dis-
tilled water and individual plants were placed in 8 cm plastic pots
each containing a 1:1 (vol:vol) mixture of Levington M3 (Fisons,
Ipswich, UK) and John Innes no. 3 (J. Bentley, Barrow-on-Humber,
UK) composts. The plants were grown at minimum night and max-
imum day temperatures of 22°C and 24°C, respectively, under nat-
ural daylight supplemented with a 16 h photoperiod of 180 pE m™2
st (Philips TLD fluorescent tubes). High humidity was maintained,
for thefirst 7-10 daysafter transfer, by covering the plantswith poly-
thene bags, which were perforated on day 10 and removed 20 days

after transfer. At least ten seed-derived plants were grown alongside
their tissue-culture-derived counterparts. Once flower buds ap-
peared, each inflorescence was covered with a8%"x10%" Kenro pho-
tographic negative bag (KJP Ltd, Nottingham, UK) to prevent out-
crossing. Mature dry siliques were harvested and the seed number
per silique recorded.

Pollen viability

Pollen was examined from ten randomly selected somatic-embryo-
derived plants and ten randomly selected control, seed-derived
plants. Pollen was removed from the anthers of flowers 1 day after
anthesis and collected in 1.5-ml Eppendorf tubes, each containing
1 ml of CPW salts solution (Frearson et al. 1973) with 13% manni-
tol (CPW13 M solution) and 0.005% fluorescein diacetate (FDA;
Sigma, UK.). After incubation at 22°C for 5 min, a drop of pollen
suspension was placed on a glass microscope slide and examined
under UV illumination using aNikon Diaphot-TMD inverted micro-
scope. Viable pollen fluoresced yellow-green. The percent viability
was calculated by scoring at |east 600 pollen grains per sample from
two samples per plant.

Histological analysis

Samples were fixed overnight in 2.5% (vol/vol) glutaraldehyde
(Agar Scientific, Stansted, UK) in 100 mm phosphate buffer, pH 7.0,
at 4°C. Fixed tissues were dehydrated through a graded ethanol se-
ries and embedded in LR White medium grade resin (London Resin
Co., Reading, UK). Semi-thin (2 um) sections were cut on glass
knives, collected on glass slides and stained in 0.5% (wt/vol) tolui-
dine bluein 0.1% (wt/vol) sodium tetraborate (2 min, 60°C) prior to
light microscopy.

Cytological analysis

Chromosome spreads were prepared using an enzyme digestion/air-
drying procedure. Root tips were collected from 14-day-old glass-
house-grown plants and placed in 1.5-ml Eppendorf tubes, each con-
taining 1 ml of 0.05% (wt/vol) agueous colchicine (Sigma, UK) so-
lution and stored at 22°C for 2.5 h. The colchicine solution was re-
placed with afreshly prepared solution of 3:1 (vol:vol) absolute eth-
anol:glacial acetic acid. Root tips were stored at —20°C. Samples
were removed from thefixative and washed (15 min) in distilled wa-
ter. Individual root tips were transferred to microscope slides, blot-
ted with filter paper and treated with 100 pl of a prewarmed (37°C),
filter-sterilised enzyme solution consisting of 2% (wt/vol) Cellulase
RS (Yakult Honsha, NishinomiyaHyogo, Japan), 1.5% (wt/vol) Ma-
cerozyme R200 (Yakult Honsha), 0.3% (wt/vol) Pectolyase Y23
(Seishin, Tokyo, Japan) and 1 mm NaEDTA at pH 4.2. Root tipswere
incubated at 37°C in a moist chamber for 40 min, blotted dry and
washed with 100 pl distilled water. The water was replaced with
freshly prepared fixative solution and cells spread by tapping with a
pair of fineforceps. Preparationswereallowed to air dry before stain-
ing in 2% (wt/vol) Giemsa RS (BDH, Poole, UK) in 0.05m phos-
phate buffer, pH 6.8, at 22°C for 1 h. After washing in distilled wa-
ter and air drying, preparations were mounted in Styromount (R. A.
Lamb, London, UK) and chromosomes counted. Ten spreadsper slide
and five slides were assessed for each plant.

Results and discussion

Induction of somatic embryogenesis
from cultured explants

After 28-30 days of cultureon M SD2 medium, 66.9+1.7%
of explants had swollen and produced non-chlorophyllous



Fig. 1A-F Plant regeneration, by somatic embryogenesis, from
Moricandia arvensis stem explants. A Stem explant exhibiting so-
matic embryogenesis after 58 days of culture on M SD2 medium (bar
0.5 cm). B Light micrograph of atransverse section through embryo-
genic callus showing the production of globular somatic embryos

(bar 1 mm). C-E Germinating somatic embryos, including a longi-
tudinal section of an embryo (D), after transfer of stem explants to
M S0 agar medium (72 days of culture) (bar: C, E 0.5 cm, D 1 mm).
F A mature, somatic embryo-derived plant in the glasshouse (bar
6 cm)
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Table1l Plant regeneration from stem explants of Moricandia arvensis by somatic embryogenesis. Arrows indicate media transfers dur-
ing plant regeneration (M MS0, B BGS, G GA medium). Values in parentheses are actual populations of embryos/plants assessed

Experiment Number  Embryo- Percentage of germinating Percentage survival of plants ex vitro

of stem  genic embryos

explants  explants

(%+SD) MS0 GA M-M M- B G-M G-B

1 20 35.0+49.5 88.6 (31/35) 94.3(33/35) 72.2(13/18) 61.1(11/18) 0 (0/0) 0 (0/0)
2 120 32.0£46.9 96.1(173/180) 99.4 (179/180) 100 (48/48)  97.9 (47/48) 97.9 (47/48) 100 (48/48)
3 120 32.5+48.1 98.3(177/180) 97.8(176/180) 97.9 (47/48) 959 (46/48) 100 (48/48) 97.9 (47/48)
MeantSD — 33.1+1.7 94.3+5.1 97.2+2.6 90.1+15.5 85.0+20.7 99.0+1.5 99.0+1.5

callus which developed into friable tissue during the next
28 days of culture. By this time, the remaining explants
were necrotic, but had produced callus at their cut ends.
This callus exhibited a nodular appearance and underwent
somatic embryogenesis after 56—-60 days of culture (Fig.
1A). Embryogenesis occurred either from 90-100% of ex-
plants in each culture dish, or all explants within a dish
failed to produce somatic embryos. This response was re-
flected in the large standard deviations for the three repli-
cate experiments at this stage of regeneration (Table 1).
Extracellular proteins are reported to be secreted into the
culturemedium by tissuesundergoing somatic embryogen-
esis (Zimmermann 1993), which may account for the non-
random distribution of embryogenesis, with signals from
responding explants triggering cells of nearby explants
along the same developmental route. Light microscopy of
sections through embryogenic calli revealed highly differ-
entiated structures interspersed with undifferentiated cells
(Fig. 1B). Such structures lacked vascular connections
with the original explants and were identified as globular
somatic embryos. Somatic embryogenesiswastheonly re-
generation response observed. Shoot regeneration, via or-
ganogenesis, did not occur in any of the cultured explants.

Germination of somatic embryos
and transfer of regenerated plants to the glasshouse

Germinating heart- and torpedo-stage embryos were seen
14 daysafter explantsproducing globul ar somaticembryos
were transferred from MSD2 medium to MSO medium
(Fig. 1C-E). Embryos also germinated on explants that
weretransferred from M SD2 mediumto R1 medium. Inter-
estingly, the transfer to growth-regulator-free medium at
this stage of somatic embryo development has been bene-
ficial in stimulating embryo germination in other plants,
including cassava (Szabadoset al. 1987), tobacco (Gill and
Saxena 1993) and white clover (Wessinger and Parrott
1993). In carrot cells, areduction or removal of exogenous
auxinsisrequired to alter the activity of geneswhich mod-
ulate embryogenic development (Zimmerman 1993).
Somatic embryos of Moricandia grew rapidly follow-
ing excision from the explants, and developed into plant-
letson MSO or GA media(Table 1). In experiment 1, some
somatic embryosexhibited abnormal growthincluding dis-

torted, fused or multiple cotyledons and non-extended hy-
pocotyls. However, normal growth and root production oc-
curred in subsequent experiments.

Equal numbers of plantlets(Table 1) from M SO and GA
mediawere transferred to MS0 or BGS mediato establish
plantsin vitro. Overall, plant survival rates (72.2+11.0%),
on transfer to compost in the glasshouse, were similar for
regenerants from all media combinations. The morphol-
ogy of regenerated plants was identical to that of seed-de-
rived plants (Fig. 1F).

Analysis of regenerated plants

At anthesis, the mean percentage viability of pollen from
the somatic-embryo-derived plants (79.9+4.0%) was not
significantly different (P<0.05) to the viability of pollen
from seed-derived plants (70.7+2.4%), according to the
Student’st-test (Table 2). In addition, the number of seeds
per siliquefrom self-pollinated embryo-derived plantswas
not significantly different (P<0.05; Student’s t-test) from
that of seed-derived plants (Table 2). Cytological assess-
ments revealed a normal diploid number of 2n=2x=28 for
every root preparation examined. Cellswith aberrant chro-
mosome numbers were not observed in any preparations.

Overall, the simple culture procedure, involving MSD2
medium containing 2,4-D followed by M SO medium lack-
ing growthregulators, iseffectivefor inducing somatic em-
bryogenesisin stem explants of M. arvensis.This regener-
ation system is an efficient alternative to shoot regenera-
tion by organogenesis reported previously (Khehra and
Mathias 1992) for the production of fertile, diploid plants.

Insertional mutagenesisor genetagging isawell-estab-
lished method for mutant induction in Arabidopsis thali-

Table 2 Fertility of somatic-embryo-derived plants compared with
seed-derived plants of M. arvensis. Data shown are the mean +SE of
ten plants, two samples per plant

Plant Pollen Number of Chromosome

origin viability seeds per number
silique

Seed derived 70.72+2.39 41.30+2.03 2n=2x=28

Somatic embryo 79.86+4.04 43.35+x1.81 2n=2x=28




ana, acloserelative of M. arvensis and cultivated brassi-
cas. Agrobacterium-mediated T-DNA insertional muta-
genesis has been exploited to further the understanding of
flower development (Van Lijsebettens et al. 1991) and
plant embryo development (Errampalli et al. 1996). Addi-
tional advancesarepossiblewith therefinement of thevec-
tor-selection system developed by Bouchez et al. (1993),
which utilises a promotorless B-glucuronidase reporter
gene, together with two selectable marker genes in the
T-DNA insert conferring resistance to kanamycin and the
herbicide Basta, and the modified Dissociation (Ds) trans-
poson-tagging strategy of Wilson et al. (1996) designed to
recover dominant gain-of-function alleles. It is envisaged
that a combination of the somatic embryogenesis regener-
ation system reported here with these, or similar, T-DNA
or transposon-tagging procedures, couldfacilitatetheiden-
tification and isolation of C5-C, gene(s) from M. arvensis,
prior to their transfer to cultivated brassicas.
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