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Sommary. Fmhrvopenic microspore and pollen enltore followed by
suhculture of microspore-derived plantlets enabled the production
of clones of Arastica napus cv. Topas Dlow-cytometre analysis
revealed that most microspore- and pollen-derived embryos (pEMs)
were haploid initially, Spontaneous diploidization cccurred at the
clobular stape of the pEMs and was expressed as the relative
inereasc of the 20 and 40 nuclesr DXNA content, Liploidization
wevurred throughoul varous ergans of the pEMs and resulled in
Lthe Tormation of haplod snd doubled haplord chimernes, In some
embryos, nearly wll vells were doubled huploid, From curly cotele-
don stuge onward, pure huploid embryos were ol obsered
anymore, Al Jute cotvledon und geomination stuges, pure doubled
Taploid embiyos and plamlets incrensed in nomber Tetraploid
pEMs were fonnd occasionallv, A culture regime was established o
induce somatic emhrvos on the pEM-derived voung plantlets. The
ploidy of the somatic embryos varied hiphly and tended 10 be the
same as that of the tissue ar the initiation sice on the pEM-plant
The results show that during ithe embrvapenic development of
H, napus micrasporcs spontanceus diploidization oceurs at globular
stage, and mmercases progressively, resuliing in the formation ol
chimercal haploid and doubled hapleid plants as well a5 pure
doubled haplod plants, plowdy neicher allects pEM development sl
embrye developmental stages nor somalie embryopenesis, Lhal
sturls on young pEM-denived plantets; doubled haploid somatic
enbryes vin be cloned [om single pEM-deoved plantlels: aod
duoulilen] bapluid eobyos develop 1o Tealile plints.
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Introduction

Homozygous seeds and plants are essentially ideal
materials for genetics, malecular biology, biotechnol-
ogy, and ultimately for plant breeding. They provide
research and commercial genetic sources of which,
within a variety, a largely identical genotype is guar-
anteed {Jain et al. 1996).

Besides conventional selfing and backcrossing, pro-
duction of haploids can be a way to produce homaozy-
gotes. Various methods have been used, such as ovary
and ovule culture (Yang and Zhou 1Y82), anther
culture (Guha and Maheshwari 1964, Lichter 1981),
incongruous distant pollination {Lacadena 1974} such
as the so-called “bulbosum™ technique (Jensen 1977,
pollination with irradiated pollen or pollination of
irradiated pistils {Gerassimova 1936, Gerlach-Cruse
1970, and culture of microspores and voung pollen
{Guha and Maheshwari 1906, Lichter 1982). In
general, microspore and pollen culture is one of the
most frequently used methods to produce haploids
in angiosperms. After the doubling of chromosomes,
fertile doubled haploid plants can be obtained
{(Sangwan and Sangwan-Norreel 199, Lerne etal
1995). Thus, microspore embryogenesis provides a
shortcut for the production of homozygotes. But
the production of clones derived from a single
microspore-derived embryo via seeds obtamned from
the mature microspore-derived plant might still face
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self-incompatibility and life-span problems. Somatic
embryogenesis 1s so far the most applicable method
to produce large amounts of genotypically identical
embryos in vitro (Thorpe 1995), Somatic cmbryogen-
esis induced on microspore-derived embryos could
give rise o cloned lines. Furthermore, amon
propagation technigues, somatic embryogenesis has
low somaclonal variation, especially when a callus
phase is absent (i.e., direct somatic embryopenesis).
lhus, it would be beneficial to combine these two in
witro embryvogenesis methods to produce pure clones
in both haploids and doubled haploids. Brassice napus
cv. Topas is especially suited 1 study the peneration of
clones derived from  microsporc-derived  plantlets
because the induction of cmbryvogenesis in micro-
spores and pollen is relatively casy in the cullivar. Ti
does net reguire the use of cxopenons auxins and leads
to high numbers of embryos (Pechan and Keller 1985,
Hause etal. 1993, Binarova cf al. 1993, Twanowska
et al, 1998 ) In addition it was lound thal microspore-
derived embryos exhibiled sponianeous change in
ploidy (Hause ot al. 1994).

The development of nalural haploids, eg. gameto-
phytes of mosses, Turns, pymnosperms, and  angio-
sperms. has been widcly investigated (Johri 19827
Spontancous diploidization has not been found to
occur at a scale comprarable o thal observed during
microspore cmbrvopenesis (Baldorsson and  Ahuja
L96) For cxample, 30% 10 40% of pollen- and
microspore-derived  embryvos (pEMs) in B napus
acquired increased ploidy because of spontansous
diploadization {(Hause ci al. 1994, Foisset et al. 1997).

In the present slmdy we aim at combining micro-
spore culture and somalic embryogenesis to obtain
clones in B nopus. An efficient and simple culture
regime is described o proedoce doubled  haploid
clones. The spontancous diploidization occurring in
microspore culture is investigated in more detail with
Ao cvlomelry (o determine the dynamics and embry
onal repions of diploidization,

in vilro

¥aterial and methods

Plawr waterial

Bresster e L ovlopas plants were grown in a phytotron with
Lo b light wnd & b dark photoperiods, at 18+ 0.5 *C and 60% rela-
tive humidity. The plody levels of the nuclei of the plants
weee detenmined by unulyang leaves of 100 planes by flow cytome-
try Flower buds, runging rom 44 o 38 mm  in length, were col-
leeted for the isolation of microspores and voung pollen for in vitre
culture.

Microspore emibryagenssic

Isolation uf microspores und young pollen was according (o the
method descriled By Pechon and Keller {1988, Microspore devel-
opment i plant was delermined by stuming nueler with (L3 pg
of 4% diamiding 2 pheaylindole (DAPL Sigma Chemacal Co, 56
Tomis, Mo, VIS AL per ml and only microspores at o late develop
mental stage and pallen ar early hi micleate stapes were used fon the
induction of embryogenic development. Microspores and voung
pallen were cultured in NLN mediom (Tichter 1982 pH A0 with
153% sucrose hur without potato extract. They were cultured ar a
density of 5= 10" micraspores per ml, in the darkness, st 32 °C for 2
davs (e culture under embrvoeenic conditien ). Cultures were then
transterred to a phytotron, and kept on a rotary shaker at 50 rpm,
dat 23 20,5 °C in the darkness, Afier one week, when proembryos
had developed, the culturcs were expozed 1o a phote-period of 16 b
Light and & h dark. Cultures were maintained in the NLN medium
for & woeeks unal geromnation stage of the pEMS, ic., when roots
develuped. Some plundels were transterred o soil, and Howering
plants were tested Lor lerlility.

Sramatic embryageneais

Guerminuled pEMs were lranslerred onle sgar-sobdified M5-20
medivn withool grosth rewolalors, pH S8, conlanmg M5 sulis
|l_\'llll'dh]l.-ll_-_fc and Skouy 1962) and 2% (w/v] sucrose. Culture was ol
L6 I Jighit el B b dark: photoperiold and 25 £ 005 °C pllowing planl-
let formation, Soatic embnyogenesis oceurred spontuneously on
the plantlets Some somatic enbuyvos and the plantlets on which ey
arose were analyzed for ooclem ploidy levels Other somalic
embryos were allowed o develop to plantiets, which were then
translerred 1o soil 10 obtain fowering plants within 4 months. Fer
tility of those plants was tested according to seed set,

Flaw cvtomuetie mewsareaent of plody levely

Mucleyr plowly levels in mierespores, pollen, pEMs pEM-derived
pluntlets, sumuabe embryes, snd mature plants were determined by
fow cytomelry, Sumple preparation and messurement of ploidy
levels was udopled [rom Bimo ey al, (1992, Brictly, nuelen were iso-
lated Ty chiopping the various plunt Dessues with o shorp raeor blade
in phosphate buffeced saline (PBS: 137 mM NatCL 268 mb KClL
AmM NaHPO,, 147 mM KH.PO) supplemented  witl 10 o
dithiothreitol, pH 7.3, to isolate nuclei, The ouclei were collected by
filtratiom thromph a nvlon memhbrane (pore size, 49 wm) and stained
with propidium indide (PT; 10pgml). Measurement was carried our
with an XL-MCL flow eytometer {Coulter Corpo). Tn general 5,000
L TN nuclei were analvzed per measurement {all fipures except
Fig, 4 A), but tor the individual globular and heart-shaped plMs 500
nuelei were analyzed (Fip. AL Plants o be used for collecting
micraspores and pollen were tested for their ploidy levals leaves
were mueasured and wsed as control,

Micrascopy

Fou light microscopy, mivrespore-derived embreos and eased
sommatic embnves were fixed al room lemperature for Shoin oo
mixture of A% (wod glotacaldelipde amd 1% (i) palonmalde
hyde in PRA. After rinsing in PR they were post fixed in 0.5%
osmium tetroxide in PRS for &b at 4 °C then rinsed in PRS. and
dehydrated in a graded ethanol series. Samples were embedded in
a low-viscosity resin (Spurr 19090, Semithin sections with A pm
thickness were stained with 1% {w'v) Toluidine Blue O

For scanning electron microscopy (SCM ). somatic embrvos on
microspore-derived plantlers were fixed and dehvdrared as
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Fip. 1. Flow-cytometrie hisiopraphs showing A ploidy levels of #
napa leaves used ar diploid comirol 10 determine the C-level posi
tions: B ploidy state of microspores and paollen

cleseribied Tor light miciescopy, Samples were lhen eribeal-poini
dried | sputren ted and observend inon JEQL TSM-2 200 seanming
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Hesulis
Pleidy chaviges s microspore-derived embryos

Flants to be used for collecting microspores and pollen
were analyzed by flow cytometry and pave histoprams
to determine the C-level positions. All planis w
diploid showing 2C and 4C levels (Fig | A) Analwsis
of isolated nuclei confirmed the haploid nature of
microspores and pollen, having clear 1C and 20 penks
(Figs. 1B and 2 A). Culture al embryogenic condilions
induced the frmation of numerons pEMs. AL the
globular stape, muost pEMs sHll showed g distines 1O
peak but the 2C and 4C conlents had increased, indi-
cating the occurrence of spontancous diploidizanion
(Fiz. 2B). Within a population of immatore pEMs eg.
at globular Lo lorpedosshaped stages, three types of
pEMs were observed. Some pEMs woere sl haploid,
some were almost doubled haploid. and some were
chimeric (Fig 3A-C). The almost pure  doubled
haploid pEMs were first observed at the globular

stage. While their number increased with time, the
uumbicr of haploid pEMs decreased (Fig, 43,
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Fig, 2. Lhsinbubiom o C-levels ol A mictospores and pollen at laic
uni-nuelear and curly bi-nuelesr stages used Lor embrvogenusty
incuction and B pEMs sl glabular stnge, showing highly meressed
20 und 40 DA condents i pEM cells, Duta bused unomeasure-
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Fig & Thowe-cytometric histographs showing C-levels in three types
of pLEMa: A haploid. B chimeric, © doobled haploid. Dala of sach
eraph are based on measurements of an individual bur swere
repeated for ar least 30 embryos

Populations of pEM-derived plants also consisted of
hapload, doubled haploid, and chimerc individuals,
but, i addition, tetraploid plantlets were observed
{I1g. 5A). The doubled haploid plants tended to be
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Fig. 4 A, B. Frequency of oceurrence of haploid {£4), chimeric (CH ).
doubled haploid (L) snd terraploid {75} pEMs. A plobular o
Lerpedo stages (n> 20k B cotvledon (o mature stages (n = 400, hote
the increwses of CH and DH populations, 'TH values are B Lata
bugsedl on messoremends of imdividoals
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Fig. 5. A Flow-eylometric  histograph  showing C-levels in oa
letraploid pEM (number of cmbreos analveed, = 33 B Irequeney of
wecurrenee ol huplowd G0, chimere (CH), doubled haplond (20847,
ad tetrapluid (TH) pEM-derived plaots (oo 2000, Doty bused on

individual mensucements

stable at diploady level: only 2'% tetraploid plants were
formed (Fig, SB), and they usually did not develop to
healthy plants,

When roots, hypocotyls, and cotyledons of chimeric
pLEM denived plantlets were analyzed separately, all
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Fig. 6 A=C. Dustribution of C-levels In various organs of chimernie
pEMs at late cotvledon stage (n=35U) showing that dipleidizaion

oceurted in all organs Dacs bascd on measurements of individuals,
A Cotvledon, B hypocouyl, C rool

organs exhibited diploidization (Fig. 6). When pEme-
plantlets were almost pure doubled  haploids, they
showed diploidy without tissue difference.

Searmsertic ernbryogenesis

Somatic embryos developed on the cotyledons as well
as hypocotyls of pEM-derived plantlets which were
cultured on solid MS-20 medium (Fig. 7 A). More than
6% of the pLM-derived plantlets produced one or
more somatic embryos at 18 DIC (days in culture ), The
number of the somatic-embryo-bearing plantlets
increased by on-going culture (Tig 8A). The number
of somatic embryos per somatic-embryo-bearing
plantlet increased in time but varied highly (Lig. 81).
ranging from 1 to 80 at 22 DIC,

Morphologically, globular, torpedo-shaped. and well
developed embryvos with cotyledons, hypocotyl, and
root were distinguished (lig 71). Investigating the
sites of initiation, it was found that primordia arose
at the surface of the plantlets ([ig. 7B, ©), and that
only epidermal cells gave rise to somatic embryos
(Fig. 713). Adjacent subepidermal cells only showed a
few cell divisions (Fig. 71). Longitudinal sections
revealed that the somatic embryos consisted of an axis
with root and shoot apices and cotvledons (lig 7 11).
Some adventitious shools were also formed on the
pEMs-derived plantlets (Fig. 7F} They were also of
epidermal origin.

Analvsis of a population of somalic embrvos
revealed that embrvo cells varied in ploidy level
from haploid to octaploid (Fig. YA) and that classes
of embryos could be distinguished ranging from
haploid. doubled haploid, tetrapleid, and their
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Fig. T A-F. Somatic emhrvo and adventitions shoot formation an pEM-derived plantlets. A Overview of morphology of the hypocolyl ol
a phd-derived plantler with developing somatic embryos Note that the hypocotvl does not show callogenesis, Bar: 1 mm, B Scannmg clee-
teon mictograph showing a close view of somatic embryvo initiation on a hypocotyl of a pEM-derived plantlel, Note the ssynchronows devel-
apment of somatic embryos from globular o perminating stages, and the morphology of the hypocotyl that does not shuw cullugenesis
Arrow points to the root of a perminating embevo. Bar: (0.5 mm. C Morphology of somatic-cmbrye primordia on o pEM-derived plantlel
Arrow poeints 1o the primordium which is shown in detail in D Bar: 1 mm, D Median seeton through the imibston site of o somatic colave
Motc that only the cells of the epidermis of the hypocory] formed the primordiem, and the adjacent subepidermal cells only showed a few
cell divasions and did not contribute to the formation of the peM primordium, Bar: 0.2 mm. E Longiladina seclion of § natic embryo
showing g well developed embryo s with root and sheol apiees und cotvledons, Bur: 0.3 nuo. F Loogituding] section of an adventitions
shoot developed on the bypocotyl ol u pEM-derived plundel. Note that it also ociginates fom the e 1, Rar- {13 mm
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Fig, 8.4, B. Scmatic embiyvo fommation in celation o the period of
culture of pEM derived plantlets, A Parcentags of plantlets that
formed somatic embryos ot 18 and 22 DIC B Nomber of somatic
embryns formed per embrvo bearving plantlet at 18 and 22T
Mata from 3 repetitive experiments {100 plants analyvzed)
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Fig. 9 A, B. Analvsis of the ploidy of sematic embrevos. Mote that at
hoth individual (A) and population (B) levels, ploidy shows great
variations. A C-levels in somatic embryos (o= 7510 B population of
haploids and chimerics containing doubled hapleid cclls (@) the
population of deubled haplows and chimerics comuuming leira-
hapleid cclls (o), and the populalion ol letraplonds and chimuenes
conbaming velaplod eells (2], All date are based oo messurcmenls
ol individuals (n =73}

chimerics (Fig. 9B}, To analyze the mechanism and
seleet doubled haploid somatic cmbryos for trans-
plantation, the somatic cmbryvos were further mea-
surcd separatcly, and different Hssue parts of the
individual  somalic-embryvo-bearing  plantlets were
analyred. TL was found that the ploidy of the sematic
embryos lended Lo be the same as that of the tissue at
the iniliation site on the pEM-derived plant: when the
embryo-hearing lissue was haploid, haploid somatic
embryos were developed loeally (Fig. 1) when a
fissue was chimerie, the local somalic cmbryos were
chimeric {(Fig 11). Doubled haploid plantlels, which
wire found rather stable and uniform at diploidy level,
provduced doubled haploid somalic embryos (Fip, 12).

100%
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80%

A0%,

20%
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Fig. 10, Distribmtion of C-levels in three repions of a haploid and
dombled-haplaid chimeric pEh-derived plantlet {repions A T3, and
C are given in the schematic drawing of the plandet) and some of
ite somatic emhryas (M) Note the haploidy of both the somatic
embryos (TH, and the local dssue {A) from which the somatic
embryo initated. Data based on three mcasuremenss lor cach
region in an individual (repeated Z0 times ), Somalie cmbryos were
analyzed in 10 samples of 5 embryos cach. A Embryogenic
hypacory] issue parl, B cotyledon, € nonembryogenic vpocory]
tigsue part, D somalic combryos, ull sampled us shown i te scheme

100%
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A0%
20% Bic
2c
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A B c D

Fig. 11, Dusiribubion ol C-levels w Uree cegions of o haploid and
doubled-hoploid chimerie pEM-derived plantlet (A B oand € as
indicated iu lhe schematic doowing) and in some of its snmatic
embryos [TV showing similarite of ploidy between the somatic
embryos (DY) and the local tissue { A0 on which the somatic embryos
initinted, Mata hased on measnrements of individuals, A TCmbrvo-
penic hypocory] tissue part, B cotvledon, C nonembreopcnic hypo-
cotyl tissue part, ¥ somatic embevos, all sampled from region A, as
showen in the scheme

Cloning through somuaiic embryogenesi

After determination of the ploidy level of the embryo-
bearing plantlets somatic embryos were used lor
subculture. From 4 deubled haploid pEM-denved
plantlets, 4 well developed somatic embryos were
cacised amd subcultured to allow plant formation.
These plants were analvzed by flow evtometry and all

formud Mowers and showed seed set.
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Fig. 12, Disrribuiion of C-levels of A pTi-derived donbled haploid
plantlers and I their somatic embryas, Mot that koth the embrvns
and the plantlets from which they arose do exhibit DNA profiles
with 20 and 40 peaks. Data based on measurements of individuals
in =3k

Thiscmssinn

Androgenesia has been successfully induced in about
AN species belonging to more than 50 genera and
25 [amilies of dicots and monocots {for review, see
Sangwan and Sangwan-Morreel 1990, lerrie etal.
1995). One of the goals of androgenesis 15 10 increase
sionificantly the yield of haploids as well as doubled
haploids for breeding.

Given haploid embryos are derived from a hetero-
seneous population of microspores, each pEM proba
bly represents a unigue genotype. Thus, theoretically,
the conventional methods of microspore embryvogen
esis will only lead o the formation of a mixture of
haplowd and doubled haploid embryos and plantlets,
with various genetic backgrounds, 'lo increase the
quantity of individuals of each genotype, further prop-
agation is required.

Io date, somatic embryogenesis has been docu-
mented i almaost all higher plant species of economic
value (Thorpe 1945), but few studies have been
addressed to  the combination of androgenesis
tmicrospore embryogenesis) and subseguent somatic
embryogenesis, In our studies, the microspore em-
bryogenesis is coupled with an amplifyving somatic-
embryogenesis  step. Careful anatomy and flow
eytometry  confirmed  that the somatic embryos
develop from a limited number of epidermal cells, and
that the ploidy of somatic embryos was highly linked
to the ploidy state of the local site where somatic
embrvos are tormed. The combination of androgenc-
sis and somatic embryogenesis complements our pre-
vious work on the culture of mixed haploid and
doubled haploid protoplasts {(Sun et al. 19987, The

100%
B0%
a0% W2C
o4c
40% WEC
20%
D%
A B

Fig. 13 A Distribution of C-levels in leaves of donkled haplod
plants {n = 401 devived from douhled haploid somatic embryns. Note
the similarity of ploidy hetwesn 1l plants and i sagies o Topas
diploid plants (B, n - 100} Data hased on measurements of indi-
viduals

somatic embryogenesis presented here was carnied out
by a one-step transfer, in a relatively short term, and
avoided the use of auxin and the passage through a
callus phase, showing advantages which are known 1o
reduce somaclonal varations (Deverno 19495). Thus,
possible genotypic variations in cultures are mini-
mized. Consequently, the coupling of androgenesis and
subsequent somatic embryvogenesis does improve
breeding techniques in terms of guality and quantity
and demonstrates the potential for immediate muta-
tion, transformation, and selection.

Diploidity in pEMs may be caused by the following
reasons: chemical treatment of haploid microspores
and pellen inducing chromosome doubling: the use of
tetraploid donor plants: the occwrrence of wnreduced
microspore and voung pollen in diploid plants; the
introduction of sporophytic diploid cells in the
microspore culture: fusion of haploid nuelei; and
endomitosis. In our research, diploidization oceurred
spontaneously, Le., it was not triggered by the use of
mitotic drugs, such as colchicing (Zhao et al, 1990) and
trifuralin: (Zhao and Simmonds 19955 The  donor
plants were uniformly diploid, and the microspores
and podlen grains haploid. Thus the use of weiraploid
donor plants can be excluded. During the isolation of
microspores, sporophytic cells mipght come in o the
mixture of microspores and pollen and thus give rise
L diploid cmbryos. However, sporophytic cells were
remaved from the isolalion mixlure by repetilive cen-
trifugation which was conlirmed by microscopy and
Movw cyviommetry, Thus, diploidy is not cavsed by sporo-
phytic cells. Our research reveals thal sponfaneons
diploidization increased progressively during embryve
development, and was nol cansed by nuelear lusion,
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because developing pEMs did never show mitosis
wilhout cell plate formation. Therefore, we conclude
that the diploidy of the doubled haploids is caused by
endomitosis. That process can be induced by mitotic
drugs that interfere with the microtubular cyroskele-
ton. The mechanism along which spontaneous dip-
lnidization occurred in the present experiments will be
further investizated. Tetraploid plants most likely are
formed in the same way but. unlike haploid, chimeric,
and doubled haploid plants, they were unable to grow
to maturity.
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