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Abstraet

Wheatleafbasesegmentstreatedwith2,4D(lO/1M)for24hdevelopedse~natieembryeswithe~xt
aninterveningealluswheneultur~d~~nbasaiMurashigeaadSkoeg'smediumft:~rlessthan2weeks,
Thisrespons~isauxinspecificandgenotypeiudependent.Intaet,vaeu~minfiltrationof2,4D,
althoughatahigherconcentration(50!~M),inth~basalleafsegmentsfQrImin,followedbycultureon
theba~al~nedium,wassuffieienttee?Oketheembryogenicresponse.~eemparisOntoindirectsomatic
emhryogenesis*thishighlyefficienteystemf~~tdirectembryogene~is~~etQnlye~~rtailsthetimespanfo~

s~~.~natieembryogenesisby15 20days,italseobviatesany~eeendaryehange~thatmayeeeurduring
~edi,fferentiation.Ther~pidinductionofsomatice~~bryog~nesi$inwheatleatba.s~-~. ~~.d~~e~sify
ma~)ipulablee~~t~:~e~~nditi~~~,th~~sprov;des~~l~ilq~eopportsaityto2nen{~erthe~ob~~~~~~:~e?ents
a$soe'iatedwi~~a~x:in-~~~dia~~dinductionofsem~;ti~.er~br~oge~2esisan~aisetos~~dyt~~~~s.~e~i'ate~

deveiopmenta~e?ents.

Keyword~: 2,4D(Auxin), aen~t.~'pe8, Leafbase, Somatieembryogel~~sis (rapid inductien),

Triticumaestivum
.

Abbreviaeions

BAP, 6･-Benzylan;l~~op~~ri~_e; CPA,pChio~o-
phenexyaeetie aeidj 2,4--D, 2,4Dichiorophe-
noxyaeetieaeidjIAA.Indcle-3aeeticacid;IBA,
Indole･-3--butyricaeidjMS,MurashigeandSkoOg
(1962);NAA,~Naphthaleneaceticaeid;2,4,5
T,2,4,5 Triehtorophenoxyacetieacid.

Intrcduction

Higherphntsha:~'e ~he ;~Sility to dif,ferentiate

~~~e~epl̂antsfromu~diffe~e~:tiatedse~~atiece~lsin
e~liufethreughtbepoee~sofs~)matic.embryo-
genes~is.ThepoteuiiaEofthiswiquedevelepmental
pathwayhasbcenexploitedandseveralagronomic
and horticultwally important species ha~'e bcen
success;~fully rogenerated (Merkle et al., 1990;

George, 199~_;Therpe, 1994;Vasii and Vasil,

1994;YovngandBhojwani,1999).Althoughthe
proees$efsematicembryoinductionfromccllsis

n~sekarlyti~ldersto(}d,~~xins,s~~ehas2,4dichle-
r~pheuexyacetieacid{2,4D),ha?ebcenshownto
pi~'..~'avitai~oleininiti~:tion~~xi~naiatenanceefcel~
division(Duditsetal.,1993,1995~thateventually

lsadstothedevelepntentefsematieembryos.Itis

gene~alfybclievedthatthe･ e0~tin~i:edpre$euceof
~~~xi~is~;ecessaryi"orsustainetieeildivisie~sbut

fo~~~rbseqt~en~stepsof~ai~~t~~~n~ee~maturation
ofthesematieembryo,eitherloweringo~eempiete
removalofaexinisneeessary(NomuraandKoma-
mine,1995;Rnghavan,2000;ChughandKhur~na,
2002).

MembersofthePoaeeae,includingtheeereals,
thatwereoneeeQnside.redrecalcitrant,canbere=
geueratedviasomatieembryogenesis. In ~~heat,
se~~atic embryogenesishasb~~~~~ehiwedfrom
e~ll~~,e~;twedim~latu;tee~b~;_*es,im~~aturein-
fl~r~~ee~ee,seed,an.deeils~~spensie~s(Msheshwari
et~l.

,1995andrefereneeseitedthe~ein),sibcitwith
alowfrequency.Limitedinfennatiouisalsoavail-
ableontheregenerativeeapacityofsomaticembry=

osderivedfrem leafexplantsofvariouswheat
cultivars(Ahuja~t~l., 1982;ZamoraandScott,
1983;Wernieke~ndMilkovits, 1984;Grossm~m
etal.,1990;Rajyalak~.hmietal.,1991).Hewever,
inallthesestudieswith?~riou~.expl~nts,$ematic
e~bryoge~esiswasinv~riably~êhie-yedthte~rg~an
in~er~~-~ingcallusphase~indir~ct~e~natic~febryo-
genesis).Despitethehighmorphogenicnat~rcof
theimmatu~e,undiff'erentiatedbasaisegments,2,4--
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Dplaysanambiguousroleinstimulatin~growthin
differentiatedcellsbutsuppressinggrowthatorin
thevicinityofapicalmeristems(Wernickeetal.,

1986).Thepresentstudywasthusundertakento
exploitthemorphogeneticpotentialofthewheat
leafbaseexplantandoptimizetheconditionsfcr
direct somatic embryogenesis (without callus

formation).

MaterialsandMethods

Growthconditions
Seedsofhexaploidwheat(Triticumaestivum)cv,
HD2329wereobtainedfromtheIndianAgricultural
ResearchInstitute,NewDelhi.Seedsweresurface
sterilizedin3%sodiumhypochloritefor45min,
rinsedthreetimeswithsteriledistilledwater,and
inoculatedonMS(MurashigeandSkoog,1962)
mediumsupplementedwith0.8%DifcoBactoagar.
Plantswereallowedtogrowunderadailyschedule
of16hlightand8hdark.Lightwasprovidedby
fluorescentlamps(Philips,TL40W/54)atanirra-
dianceof5.27Wm~andtemperaturemaintainedat
26t2~)and24iI'Cduringlightanddarkphase,
respectively.Datareprcs.entthemeanof2to4
independentexperiments,eachconsistingof3040
explants.

J.enfbasecultures
Fifteenday-oldin vitroraisedseedlingswere

used.Theleafshe~thandtheprimaryleafwere
discarded. Thebasal portions (about5mmin

length)ofthesecondandthirdleaveswerecultured

onMSmediumwithvariousgrowthregulators.in9
cmPetridishesforonedayinthedarkandsubse-
quentlytransferredtoMSbasalmediumandincu-
bated for9moredays in tht darkbefore the

observationswererecorded.Fortime-courseex-
periments,theleafbaseexplantsweretreatedwith

2,4Dforthe stipulatedperiodeitheronagar-
gelled medium or vacuum--infiltrated in liquid

medium (for shorttermtreatments) and subse-
quentlytransferredtoagargelledMSbasalme-
dium.

Scanningelectronmicroscopy
Leafbaseexplantsshowingdifferentstagesof
somaticembryogenesiswerefixedin2%glutaral-
dehydeatroomtemperaturefor4handthenwashed
threetimeswithO.1Msodiumphosphatebuffer(pH
7). Explantswere then dehydrated through an
ascending series of acetone. Thesampleswere
criticalpoint-dried,coatedwithsilver,andsub-
jectedtoscanningelectronmicroscopy(501BPhi-
lips,TheNetherlands).

ResultsandDiscussion

Grasseshaveabasal leafmeristemand leaf

segmentsculturedwith this meristematicregion
exhibithighmorphogenicresponse(Wernickeand
Milkovits,1984).Inwheattoothebasalregionhas
beenobservedtobethemostresponsiveregionof
theentireleafblade(Ahujaetal.,1982;Zamoraand
Scott,1983,WernickeandMilkovits,1984;Rajya-
lakshmietal.

,
1991).Inthepresentinvestigation,

thebasalleafsegmentsofwheatdisplayedhigh
morphogeniccompetenceandhavebeenutilizedfor
furtherexperimentation.

Inductionofsomaticembryogenesis
Syntheticauxins arekeyfactors in triggering
embryogenicresponseindicotyledonous(Sunget
al.

,
1984)aswellasinmonocotyledonousplants

(Vasil,1987);however,auxinisdetrimentalforthe
progressionofembryogenesis.Inthepresentinves-
tigation,embryogenesiswasinitiatedfromtheleaf
baseby2,4Dapplication. Leafbase explants
culturedonamediumsupplementedwith2,4D(10
flM)dedifferentiatedanddevelopedcallus.The
callusingresponsewasca.80%andwhenone
montholdcalluswastransferredtofreshmedium
containingalowerlevelof2,4-D(0.1or0.5ftM),

upto20%regenerationcouldbeachieved(datanot
presented).Onmicroscopicexamination,reversion
ofembryogenicmassestonon-embryogenictissue

wasobserved,whichmayberesponsibleforthis
lowregenerationpotential.

Influenceofashortterm2,4Dtreatment
Toavoidanyharmfuleffectofauxinonprogres-

sionofsomaticembryogenesisandimprovethe
regenerationpotential,basalleafsegmentsofwheat

weresubjectedtoashortterm2,4Dtreatment.
When2,4-Dwasprovidedforvaryingtimeperiods
andleafsegmentstransferredtothebasalmedium,
evenone-daytreatmentwith10/!M2,4Dwas
effective in elicitingtwotypesofmorphogenic
responses;cultureswereanalysed10daysafter2,4
Dtreatment.Theleafbaseexplants(Fig.IA)either
differentiated into compact, organized, globular

masses(Fig.IB),orintoasoft,friable,whitecallus
(Fig.IC).Theseglobularstructuresdifferentiated
furtheranddisplayedvariousdevelopmentalstages
ofsomaticembryogenesis,whilethecallusmasses
invariablydifferentiatedintoroots.Variousstages
ofsomaticembryogenesis,i.e,formationofglobular
embryoids(Fig.IB,F), apicalnotch(Fig. IG),

emergenceofthe coleoptile (Fig. ID,H)and,
finally,germinationofthebipolarsomaticembryos



(Fig.IE,I)werediscernible.Thesesomaticembry-
oscouldgerminate,givingrisetocompleteplant-
lets, without any evident somaclonal variation,

albinism,Iossorreductionoffertility,oranyother
abncrmalphenotypeamongsttheregenerants.
Thegrowthregulator2,4-Disgenerallyprovided

for3-4weeksofcultureandisknowntocausea
rapidinductionofembryogenicproteins(.Sungand
Okimoto, 1981;Raghavan, 1997), initiate poly-

amine biosynthesis (Montague et al., 1978;
Fienberget al., 1984;Kakaret al., 2000), and
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inducerapidcelldivisions(Dudits,1993).Induction
ofcelldivisionhasbeenobservedasearlyasday2
in carrot single cells. (NomuraandKomamine,
1985) and day34in carrot (Fujimura and
Komamine,1980),wheat(Ozias-AkinsandVasil,
1987;Ryschkaetal.,1991)andbarley(Ryschkaet
al., 1991).Formationofproembryonalstructures
andsomaticembryoscouldbeobservedasearlyas
day3incarrot(SungandOkimoto,1981)andday5
inwheatandbarley(Rysehkaetal.,1991).Inthe
presentinvestigation,globularstructureswereseen

Fig.1Inductionofsomaticembryo.genesisby2,4-Dinwheatleafbaseexplants. The
explantsweretreatedwith(lO/!M)2,4-Dfor24handtransferredtothebasalmedium.
Formoredetails, see text. (A). Leafbaseexplantat thetimecfculture. (B).An
embryogenicexplantdepictingglobularembryosafter10daysinculture.(C).Another
explantshowingcallusingafter10daysofculture.(D).Emergenceofcoleoptilefromthe
scutelluminanembryoafter1012daysofculture.(E).Abipolargerminatingsomatic
embryoina15-day oldculture.(FtoI)Scanningelectronmicrographsofthedifferent

stagesofsomaticembryogenesisinwheatleafbaseexplantsculturedfor10to15days.
(F). Globularsomaticembryos.(G).Embryosshowingapicalnotchformation. (H).
Emergenceofcoleoptile.(1).Agerminatingembryo.cl,coleoptile;Ip,Ieafprimordia;n,
notch;sc,scutellum.cl,coleoptile;r,root;sc,scutellum;sh,shoot.BarrepresentsIum.
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TableiEffectof2,4Douinductionofson~atice~nbryosinleafba$eeultures(}fwheat
(~/'riticum aestiy;~fn) an~ %rogeneration frem the sematic embryes. For

experimentaldetailsseetext.

';4 DConc
No.ofExplants

Disp]ayingSE

No,ofE,xpla~~ts

Regenerating
Shoots~~

No.{)f

Explants

'V(~

SE
%

Regeneration

10.f!M
50/~M
100f!M

1.06
64

61
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14
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31.13

64.06
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Fig.2Inductionofsomaticembryogenesisas iu-

fiueneedbytheconcentrationof2,4Dprovided
forthefirst24hofculture.Theresponsewas
quantitatedaf'ter9daysofcultu~eenthebasai
medium

.

s4

2c

23daysafte~2.4Dtreatment,whicheventually .~
16

lsadtoembr)'odifferentiation,Histologicaiexami- ･*

nationofthcsegiobularstructuresascertainedthe ~12s
presenceofcell divisionsandembryosdiff:eren- ~~~s
tiationunderthegivenexperimentaleonditions. '¥'

Whenhigherconcentrationsof~,4D(e,g.100
f!M)wereprovidedforoneday,nearly75(f()ofthe
culture$dispiayedembryogenesis(Fig.2),butthe
subsequent~egene~ationofplantletswaslowerthan
~henIO;~Mtyasprevided(Tablel).Inaddition,at
1OO~~M2,4D,ineubationofexplantsfore.venkss
th~nIh~~i~.fo~ndtobe$ufficientfortheinduction
~~f s{~matieembryegenesis(Fig. 3); treatmentof
explaniswith10or50/lM2,4-Drequiredalonget
incubationperiod.Thlspromptedustoprovide2,4
Dforstilishorterdurations,andwhen2,4Dwas
vacu~~m-infiitrated, induction of embryogenesis

was_observedevenwithanincubationperiodoffew
mi~~utes(Fig.4).This,tothebestofourknowledge,
is.theshortestexposureto2,4Dreportcdinliter-
aturefortheinductionofsomatieembryogenesis.
Useaily,2,4･Disprovidedfor2-3weeksb~rtina~~
earlier study On C'itr~ts, 3%explants displayed
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~nfluence Of 2,4Dprovided for various

dura~i(~ns en induction of somatic embryo-
genesis. After2,4Dtreatment, the explants

were;c.tilturedonthebasalmediumforatotal
durationof10days.

2 v
lri~etu~*)

Fig.4rnduction ofsomatieembryogenesis in the

expl~;ntsinfi]te~atedwith2,4-D(10,50or100
/LM)inthebathingmediumforspeeifieddu･a-
tion.Theresponsewasanalysedintheseexpi~nts
afterIOdaysofcuitureonthebasalmedium.

embryogenesiswithonedayof2,4Dtreatment
(KamadaandHarada,1979).However,inthestudy
byKamad~andHarada(1979),themanifestationof
theresponserequired3weeksofadditionalsubcul-
ture-enba~.al.mediumasagainsta9-12dayincu
ba:tion required in the present investigation.

Similarly,inalfalfa,although2,4D(100ff.M)ean
beprovidedforoneheur,it requires2Sdaysof
cultureforthemanifestationofresponse(Duditset



se

6e

~
~~~~e 4s
4~
ee
~~.se

2e

Fig.5

Q ~¥S~~ ~.~ej~.
~~;~~.Y~~ ~?~ (;4~

Inductionofsomaticembryogenesisinwheat
leafbasesexposedtovariousauxinsfor24h,
followedbycultureonthebasalmediumfor10
days.
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Fig.6Influenceofgenotypeonshortterm2,4D
mediatedinductionofsomaticembryogenesisin

wheatleafbases.Theexperimentalprotocolwas
similartothatdescribedinlegendtoFig.l.

al.,1991).Therapidinductionofsomaticembryo-
genesisby2,4Dinwheatleafbases,infact,findsa
parallelwithrapidauxineffects,suchasincreasein

protonextrusion,respirationrate,decreaseinthe
cytosolicpHandATP/ADPratios,andalteredgene
expressionpatterns,whichoccurorareinitiatedin
thetimespanof510min(BrummellandHall,
1987;Guilfoyleetal., 1998,1999;Thakuretal.,
2001). Thfs report ofrapid auxin induction of
somaticembryogenesismayqualifyasoneofthe
rapidauxineffectsinplants,althoughitmaytakea
fewmoredaysfortheeveiltualrealizationofthe
responseinmorphologicalterms.

Table2

27l

EffectofBAP(10uM)on2,4D(10/lM)
inducedsomaticembryogenesisinleafbascs

ofTriticumaestivumvar.HD 2329. For

experimentaldetails,seetext.

Taeatment~~ % %%
SE Rooting Callusing

BAP-BM
2,4 D-BM
BAP+2,4D-BM
2,4D-BAP-BM
BAP-2,4D-BM

37.8

5.0

21.2

4.8

15.6

4.7

4.5

1.6

30.4

27.8

24
.2

21.3

~)Alltreatmentsonhormone supplementedmediawere
for24heach,fo]lowedbytransfertobasalmediumfora
totaldurationof10days.SE,Somaticembryogenesis.

/nfluenceofotherplantgrowthregulators

Amongthevariousplantgrowthregulatorstried,
auxinsalonewerefoundtobeeffectiveforinducing
somaticembryogenesis(Fig.5), asuseofeither
BAP,kinetin, 2isopentenyladenine, gibberellic
acid,abscissicacidand2-chloroethylphosphonic
acid (each at 10f!M Ievel), andspermineand
putrescine(atImM)didnotelicitanymorphogenic
respons.e(datanotpresented).Ofthevariousauxins,
theCPAderivatives,2,4Dand2,4,5-T,weremost
potentininducingsomaticembryogenesis(Fig.6);

ourobservationcorroboratestheearlierreportof

KamadaandHarada(1979)incarrottissuecultures
regardingthepotencyoftheCPAderivatives.
Althoughinamajorityofinvestigationsauxins
havebeenemployedforinductionofsomaticem-
bryogenesis, cytokinins too have proved to be
effective in some instances (Thorpe, 1994). In

cereals,however,the roleofcytokinins in con-
ferringmorhogeniccompetenceisquiteequivocal
(BhaskaranandSmith,1990).Inthepresentinvesti-
gation,however,BAPinhibitedsomaticembryo-
genesiswhenprovidedsimultaneously,beforeor
after2,4Dtreatment(Tab]e2).Thisisinconform-
itywithearlierobservationsoncarrot(Halperinand
Wetherell,1964;KamadaandHarada,1979;No-
muraandKomamine,1985),citrus(Kochbaand
SpiegelRoy,1977)andorchardgrass(Wencket
al.,1988),wherealsoBAPwasfoundtobeinhib-
itoryforinductionofsomaticembryogenesis.

Inf'luenceofgenotype

Arelationshipbetweenplantgenotypeandin
vitroresponse,particularlyregeneration,hasbeen
welldocumentedin cropplantsincludingwheat
(Lazaretal.,1983;Galibaetal.,1986;Mathiaset
al., 1986;WernickeandMilkovits,1986;Carman
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et al., 1987;Rajyalakshn~iet ai., 19S8). In the

prescut. investigation, both hexaploids (Anjun,

CPA_N1.676.HD2329,KalyanSona)andatetra-
plei.d (Malvika)wereemployed, In general, all.

ge'.nOtype.sdisplayedinductionofsornaticembryo-
genesisby2,4D(Fig.6).However,theintensitv_of
theres,ponsevarieddependinguponthegenotype,
whichInaywellbeattributedtothephysiologieal
statu~(includingtheendogenoushormouetitre:)of
v~rio~sexpiantsatthetimeofculture.Thisview
hasalsobeenadveeatedearlierforvar.iou:sother
species ineluding i_~oth monocotsanddieotsby
Norstog(197O.),TranThanhVan(1981),Krikori~n
etal.(1987)andTranThanhVanandTrinb(1990).
Inccnclusion,theprcsentinveatigationbasre-

vealedtheunusuallyhi,ghmorphogenicpotentialof
thebasalleafsegnlentofvariouswheatcultivars.Of
particularinterestisitsextrenlesensitivitytcshort
termtreatmentsof2,4--Dforrapidinductiouof
somaticembryogenesis.Duringourexperieneeof
thelast67yearswiththissystem,wehavenot
noticed any somaeloual variation, albinis~~, etc

~;mongsttheregene~ants,Inadditien,the~e.sulisof
thisstudyshouldnotonlyfacilitatefurtherdetailed
char~;cterizationoftheinductionandexpressionof
somaticeuibryogenesisinplantcellsbutalsopa~;'e
thewayforunderstandingthemolecularmechanisil~
ofauxinactioningeneral.Towardsthisend,we
have~~adesomeattemptstoidentifythecompe-
ne".ntsthateonstituteauxinsignaltransduetionpath-

~~'ay lc.ading tochangesingeneexpresstonand
everrtu~llytomoreovertmorphogenicrespOnse~.
Empioyingvar.iousactivatorsandinhibitors, eur
preliminaryinvestigatio~hasrevealedthattheCa~+~

-calmodulinsignallingpathwaymaybcoperativein
auxin-inducedsol~~aticembryogenesis(detailstobe
publishedseparately).
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